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Abstract 
In this work, structural and magnetic properties of metastable Nd-rich binary Nd-Fe and 
multicomponent Nd-(Fe,Co)-Al alloys are investigated. The specimens are prepared at 
different cooling rates from 5 to 150 K/s by using copper mold casting and melt spinning. The 
specimens of different dimensions are prepared in order to change the cooling rate. 
 
The aim of the present work is to characterize a metastable hard magnetic phase referred to as 
“A1” in Nd-Fe alloys, which forms as a part of the fine eutectic depending on the composition 
and cooling rate. In order to define the range of composition for the formation of A1,  
Nd100-xFex (x = 20, 25, 40) alloys are cooled at about 150 K/s.  The alloys with x = 20 show 
diffraction peaks of dhcp Nd and fcc (a = 0.547 nm) Nd but no peaks of any Nd-Fe 
intermetallic phase are detected. These specimens display a hard magnetic behavior with a 
room temperature coercivity of 0.48 T indicating the formation of A1. However, the x = 40 
specimen displays peaks of Nd2Fe17 in addition to the dhcp Nd and, is soft magnetic. The 
specimen with x = 25 shows two-phase (soft and hard) hysteresis loops due to the presence of 
A1 and Nd2Fe17. These results clearly indicate that for a cooling rate of 150 K/s, the 
hypereutectic Nd100-xFex (x = 20) alloys solidify into hard magnetic A1 whilst the hypoeutectic 
alloys (x = 40) show the formation of Nd2Fe17 crystallites. However, no sample cooled at 150 
K/s shows the peaks of Nd5Fe17 as expected from the equilibrium Nd-Fe phase diagram. The 
effect of cooling rate on the formation of hard magnetic A1 is studied by investigating the 
Nd80Fe20 alloys cooled at different rates. The alloys cooled at rates ≥ 50 K/s contain hard 
magnetic A1 whereas the lower cooling rate results in the formation of Nd2Fe17 crystallites. 
 
The microstructure of hard magnetic Nd80Fe20 alloys displays a fine eutectic-like matrix 
consisting of Nd-richer and Fe-richer regions. The Nd-richer regions are identified as dhcp Nd 
and fcc Nd-Fe solid solution.  However, the Fe-richer regions also referred to as A1, are 
diffuse and give an average composition of Nd56Fe44. These regions yield complex electron 
diffraction patterns, which do not match with any known Nd-Fe phase. HRTEM images of the 
Fe-richer regions reveal the presence of 5-10 nm crystallites embedded in an amorphous 
phase. Thus the Fe-richer regions of the hard magnetic Nd80Fe20 specimens are not a single 
homogeneous phase rather they are mixture of finely dispersed nanocrystallites in an 
amorphous phase.  
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Magnetic properties of the hard magnetic Nd80Fe20 alloys are studied in the temperature range 
of 4.2-523 K. The temperature dependence of AC susceptibility and magnetization indicates 
multiple transition temperatures of 8, 19, 29, and 529 K. The magnetic transitions at 8 and 19 
K are related to the ordering of dhcp Nd and the transition at 29 K stems from the fcc Nd-Fe 
solid solution. The magnetic transition at 529 K is ascribed to the metastable A1. Above 30 K, 
the dhcp Nd and fcc Nd-Fe solid solution are paramagnetic and result in unsaturated 
magnetization curves of the Nd80Fe20 mold-cast specimen. The demagnetization curves are 
measured after magnetizing the specimen in a pulse field of 40 T. The curves measured at 
temperatures above 30 K are typical of a hard magnetic material. The coercivity increases 
from 0.48 to 4.4 T with the temperature decreasing from 300 to 55 K. The demagnetization 
curves change from single to two-phase type when the temperature approaches 29 K, ordering 
temperature of fcc Nd-Fe solid solution. The paramagnetic contribution of Nd is subtracted 
form the magnetization of mold-cast Nd80Fe20 for obtaining the magnetization of hard 
magnetic A1. The measurements of initial magnetization, field dependence of coercivity, and 
temperature dependence of coercivity suggest the Stoner-Wohlfarth type magnetization 
reversal process for the hard magnetic A1. The values of anisotropy constant are estimated by 
fitting the magnetization data to the law-of-approach to saturation. The temperature 
dependence of anisotropy constant and the coercivity indicate that the origin of coercivity is 
magnetic anisotropy. A cluster model with sperimagnetic arrangement of Nd and Fe spins is 
used to explain the hard magnetic behavior of the mold-cast Nd80Fe20.   
 
Multicomponent Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys are prepared by mold casting and melt 
spinning. The results show that the Nd60Co30Al10 (Fe-free) melt-spun ribbons and mold-cast 
rods are amorphous. In contrast, the Fe-containing Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods 
are microscopically inhomogeneous consisting of Fe-poor (2-8 at.% Fe) and Fe-richer regions 
(7-35 at.% Fe). The Fe-poor regions consist of Nd and Nd3Co crystallites. The Fe-richer 
regions are composed of a nanocrystalline and an amorphous phase. Therefore, the Fe-richer 
regions in the multicomponent alloys are analogous to the A1 in the binary Nd-Fe alloys. 
 
Magnetic measurements of the multicomponent alloys show that the magnetic properties are 
controlled by the fraction of the Fe content. The Fe-free (Nd60Co30Al10) specimens are 
paramagnetic whereas the Fe-containing Nd60Co30-xFexAl10 (x ≥ 5) specimens are hard 
magnetic at room temperature. The coercivity of the Nd60Co30-xFexAl10 mold-cast rods does 
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not vary much with the Fe-content for more than 10 at.% Fe but the remanence and the 
maximum magnetization increase linearly with the Fe content. The temperature dependence 
of coercivity, effective anisotropy constant, and anisotropy field are identical to those for the 
binary Nd80Fe20 mold-cast rod. These results clearly suggest that the binary Nd80Fe20 and the 
multicomponent Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods are magnetically identical. 
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1.   Introduction 
Hard magnetic materials have a long history and the loadstone (Fe3O4) was the first 
permanent magnet known to the humankind. The greatest strides in magnet development, 
however, have occurred in the last hundred years. As early as 1935, a high coercivity of 0.45 
T was reported in Nd-rich Nd-Fe alloy [1]. This remarkable observation, though played a vital 
role in the discovery of present high-energy Nd-Fe-B permanent magnets, was apparently 
forgotten so that it was never cited in connection with the development of Nd-Fe-B permanent 
magnets in the 1980s [2-5]. Sm-Co magnets were the focus of technological efforts before 
1980s because of their superior magnetic properties and also due to the fact that no RE-Fe (RE 
≡
 rare-earth) compounds suitable for permanent magnets were known up to 1978 [6, 7].  
 
For a long time the only recognized stable intermetallic phase in the binary Nd-Fe system has 
been rhombohedral Nd2Fe17, which exhibits easy plane anisotropy, and therefore, is soft 
magnetic. The absence of stable hard magnetic compounds in binary Nd-Fe alloy system 
opened two different areas of research for the quest of permanent magnet materials in the late 
1970s. One approach was to employ non-equilibrium techniques for preparing metastable 
(amorphous/crystalline) phases in RE-Fe alloys [8-20]. This led to the formation and 
identification of several previously unknown phases in the Nd-Fe alloy system like Nd5Fe17, 
NdFe7, NdFe5+x, Nd6Fe23, and A1 etc. [14-20]. Another approach relied on the exploration of a 
variety of ternary RE-Fe-M (M ≡ B, C, Al, Si, Ga) alloy systems, which eventually led to the 
finding of the highly anisotropic Nd2Fe14B compound with tetragonal structure [2-4, 21-26]. 
The technical magnetic characteristics of Nd2Fe14B magnets depend crucially on the 
microstructure and hence, on the preparation method [27-34]. The microstructure involves the 
size, shape and orientation of the crystallites of the compound and also the nature and 
distribution of the secondary phases, which usually control domain-wall motion and reversed 
domains nucleation and hence determine the magnetization and demagnetization behavior 
[33-36]. The microstructure of Nd-Fe-B magnets consists of grains of the ferromagnetic 
Nd2Fe14B phase, surrounded by Nd-rich and B-rich intergranular phases [35-36]. Other 
phases, such as Fe-rich phases, Nd oxides, and pores are found depending on the composition 
and processing parameters [37-39]. The composition and crystal structure of the Nd-rich 
phase observed at the grain boundaries in Nd-Fe-B magnets are not clearly established 
particularly because of its high chemical reactivity [40, 41]. 
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Another unsolved question in the understanding of Nd-Fe-B magnets is the role of post 
sintering annealing at 873 K and intergranular regions in controlling the coercivity [42]. Many 
investigations have been carried out to clarify the microstructure of the intergranular phases in 
sintered Nd-Fe-B magnets [35-43]. These investigations found a number of metastable Nd-Fe 
binary and oxygen stabilized Nd-Fe-O ternary phases in the Nd-Fe-B magnets [43-45].  
 
The observation of metastable Nd-Fe binary phases in Nd-Fe-B magnets stimulated a careful 
re-analysis of Nd-Fe binary alloys in order to understand the phase formation [46-49]. The 
role of other additives like B, C, Al, and O for stabilizing metastable Nd-Fe phases has also 
been intensively studied [50-52]. Despite these extensive studies of the binary Nd-Fe alloy 
system the overall consistent information available is limited. Different authors have reported 
different results for the same compositions [15-20, 46-49]. One of the reasons for this 
discrepancy is that the phase selection in the binary Nd-Fe system depends sensitively on the 
cooling rate, the purity of the elements, and the starting composition. In most of the studies 
arc melting and copper mold casting were used as sample preparation techniques, which 
impose different cooling rates depending on the sample geometry and apparatus in use [18-20, 
44-46]. Therefore, in spite of the same starting compositions different studies show different 
results due to a variation in the cooling conditions.  
 
The aim of this work, is to provide a systematic structural and magnetic analysis of as-cast 
and heat-treated Nd100-xFex alloys. It is known that a metastable hard magnetic phase forms in 
compositions close to the Nd-Fe eutectic. In order to define the composition range for the 
formation of this metastable hard magnetic phase, we investigated mold-cast Nd100-xFex alloys 
from x = 20 up to x = 40, which cover both hyper- and hypo-eutectic compositions. It is 
essential to understand the correlation between cooling rate and microstructure for the 
quantification of magnetic properties of Nd-Fe alloys. For this purpose, the alloys with x = 20 
prepared at different cooling rates in the range of 5-150 K/s are analyzed. These alloys 
contain Nd and the most disputable metastable hard magnetic A1 “phase”, which justifies the 
selection of this particular composition. For comparison, Nd40Dy40Fe20, Dy80Fe20, 
Nd80Fe10Co10, and Nd80Co20 alloys cooled at 150 K/s are examined. These alloys are expected 
to provide a useful insight regarding the role of light (Nd) and heavy (Dy) rare earths and 
different transition metals (TM) in the formation of metastable hard magnetic phase in mold-
cast RE-TM alloys.  
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The interest in the Nd-Fe-Al system began mainly with the observation of improvement in 
magnetic properties of Nd2Fe14B magnets by the addition of small amounts of Al [53-57]. 
This favorable effect of Al was explained on the basis of an improved wettability of Nd2Fe14B 
grains by the Nd-rich intergranular phase, which results in their magnetic decoupling, thereby 
increasing the coercivity of the magnets [55]. On the other hand, new Al-stabilized Nd-Fe-Al 
intergranular phases were formed, which are not stable in the binary Nd-Fe system [56-58]. 
Soon it was observed that the addition of more than 5 at.% Al has deleterious effects on the 
intrinsic magnetic properties of the Nd2Fe14B compound and after that little attention was 
given towards the ternary Nd-Fe-Al system [53, 54]. 
 
Additional stimulus for the studies on Nd-Fe-Al ternary alloys is given by the formation of an 
amorphous phase at moderate cooling rate. The advantage of amorphous alloys as compared 
to the crystalline solid is that the composition can be changed in a wide range provided a 
suitable preparation method is applied. Many reports have been published on the magnetic 
and thermal properties of amorphous or partially amorphous RE-TM alloys [8-13, 59-62]. 
Among these RE-TM systems, Nd-Fe and Pr-Fe alloys attracted much attention due to their 
hard magnetic properties in the as-quenched state or after partial annealing [9-13]. Croat 
reported that the room temperature coercivity of RE-rich melt-spun Nd-Fe and Pr-Fe ribbons 
depends on the surface velocity of the Cu wheel [13]. It was observed that the coercivity 
increases with decreasing wheel velocity and passes through a maximum before decreasing 
again. The formation of metastable microcrystals in the specimens prepared at low wheel 
velocity (low quenching rate) was considered to be the origin of this coercive behavior. It is 
evident from those investigations that a certain level of quenching is essential to obtain the 
metastable hard magnetic phase because the corresponding equilibrium crystalline phases are 
either paramagnetic or soft magnetic [9-11]. However, the preparation of fully amorphous 
binary Nd-Fe and Pr-Fe alloys requires very high quenching rates of the order of 106 K/s, 
which limits the sample size to thin ribbons. Inoue et al. reported that with the addition of Al 
bulk amorphous samples of 3-12 mm diameter can be prepared over a wide composition 
range in the Nd-Fe-Al and Pr-Fe-Al systems [63, 64]. These reports show that Nd60Fe30Al10 is 
a ferromagnetic bulk metallic glass that is amorphous and yet exhibits a relatively coercivity 
of about 0.35 T at room temperature. This behavior is in contradiction to that found in 
conventional amorphous magnetic alloys, which show soft magnetic behavior [65]. Therefore, 
whether the hard magnetic Nd-Fe-Al samples are amorphous or nanocrystalline is still an 
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unsolved problem and numerous studies have been carried out to clarify their structure and 
the origin of their coercivity [66-79].  
 
Another striking difference between these Nd-based “glasses” and other bulk metallic glasses 
is that the former do not show a distinct glass transition in the conventional calorimetric 
curves. It has been reported that the addition of multiple elements with varying atomic sizes 
significantly improves the glass-forming ability by increasing the atomic packing density of 
the melt [80-83]. With the above working assumption, we investigated the influence of a 
systematic substitution of Fe by a combination of Fe and Co in Nd60Co30-xFexAl10 alloys. The 
selection of Co is based on its well-known beneficial effect on the magnetic properties of 
crystalline Nd-Fe-B magnets [84]. Furthermore, the mold-cast Nd60Fe30Al10 alloys are 
reported to undergo a phase separation because of the positive heat of mixing (1 kJ/mol) 
between Nd and Fe [70, 78]. The heat of mixing between Nd and Co is negative (-22 kJ/mol), 
therefore, the Nd60Co30-xFexAl10 alloys with varying Fe to Co ratio present a unique class of 
materials for studying the phase separation in metallic glasses.  
 
The motivation for the study of binary Nd-Fe alloys is the appearance of a relatively large 
room temperature coercivity of 0.5 T in as-cast Nd-rich Nd-Fe ingots without any additional 
processing step. Usually, a high coercivity in the Nd-Fe-B magnets is obtained after several 
processing steps to produce the appropriate microstructure [5]. The goal of present work on 
binary Nd-Fe alloys is to characterize the hard magnetic phase and to understand its coercivity 
mechanism. The work is aimed to evaluate the possibility for obtaining this hard magnetic 
phase as a single phase or increasing its volume fraction by using other additives like Co and 
Al.   
 
This dissertation is organized in 6 chapters. In this first chapter the basic goals are defined 
based on the current research status of Nd-rich binary Nd-Fe and multicomponent Nd-Fe-Co-
Al alloy systems, which was revealed through an extensive literature review. To start off the 
investigations, some theoretical background on the subject matter is provided in chapter 2. It 
covers the basics for the existence of magnetism in amorphous and disordered materials, the 
origin of coercivity in hard magnetic materials, i.e., anisotropy, reverse domain nucleation, 
domain-wall pinning etc., and eventually a comprehensive review of the development of Nd-
based hard magnetic materials comprising binary Nd-Fe, ternary Nd-Fe-Al, and quaternary 
Nd-Fe-Co-Al alloy systems. It also describes the importance of binary Nd-Fe alloys in the 
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understanding of the magnetic properties of Nd-Fe-B permanent magnets. At the end of 
chapter 2, the available information about the Nd-Fe, Nd-Fe-Al, and Nd-Fe-Co-Al alloy 
systems is briefly summarized. Then, in chapter 3, the experimental techniques used for the 
sample preparation and characterization are introduced. This includes a brief description of 
the experimental techniques and detailed experimental parameters used in the present study. 
In chapter 4, the results from the as-cast and annealed binary Nd-Fe alloys are presented. The 
chapter is divided into three main sections. The first section begins with structural and thermal 
investigation results along with their comprehensive explanation. The second section deals 
mainly with the magnetic properties and their correlation with the structure. Chapter 5 is 
devoted to the results of ternary and quaternary Nd-Fe-Co-Al alloys structured in the same 
way like chapter 4. In chapter 5, structural and thermal investigations are presented in two 
different sections because the thermal analysis deals with the amorphous alloys involving the 
study of glass forming ability of the mold-cast melt-spun samples. In addition, the final part of 
chapter 5 compares the structural and magnetic properties of multicomponent Nd-Fe-Co-Al 
and binary Nd-Fe mold-cast specimens. Finally, the conclusions and outlook for this work are 
drawn in chapter 6. The references are compiled in the last part of this dissertation. 
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2.  Theoretical background 
 
2.1 Magnetism in amorphous materials 
Amorphous alloys are materials having a non-crystalline structure that is produced by various 
non-equilibrium processing techniques, often by rapid solidification from the melt. In recent 
years, there has been an upsurge of interest in the science and technology of amorphous 
materials. Magnetism, like many other properties of solids, has no need for the periodic 
arrangement of atoms on a crystalline lattice. However, in the past, most of the theories of 
magnetic phenomena, implicitly or explicitly, have assumed the existence of long-range order 
in the arrangement of atoms. For a material to be magnetic, all that is necessary is the 
existence of a magnetic moment on an atom and the presence of exchange interaction to order 
the atomic magnetic moments. Both of these requirements are well met in amorphous 
materials [85]. However, the presence of atomic disorder introduces a distribution both in the 
magnetic moments and the exchange coupling between interacting pairs of atoms, but neither 
of these two destroys the collective magnetic order provided the exchange integral does not 
change its sign [85, 86].  
 
Magnetization measurements for binary transition metal-metalloid amorphous alloys have 
shown that the presence of metalloids reduces the value of the atomic magnetic moment 
relative to the values for pure transition metals [86]. Such a reduction is, however, also known 
for crystalline alloys, which is explained on the basis of charge transfer from the metalloid to 
the transition metal [86]. A similar explanation has been used in the case of amorphous alloys 
[65]. An obvious question is whether the entire effect can be ascribed to the immediate 
chemical environment or whether the structural disorder of amorphous alloys also causes 
changes in the magnetic moment. Numerous studies have proved that the average magnetic 
moment of amorphous alloys is determined mainly by the chemical environment just as in 
crystalline alloys, but structural disorder can lead to a variety of chemical environments, 
which can drastically affect the moments [85]. In addition to the change in the average 
magnetic moment, the presence of chemical inequivalence of magnetic atoms leads to a 
distribution of moments [86, 87]. The moment distribution is less in rare earths because the 4f 
shell is well shielded from its neighborhood [86]. In contrast, the moment of an Fe ion 
depends on the crystallographic sites in the crystalline alloys. While bulk measurements yield 
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site averaged properties, the hyperfine field measured by Mössbauer spectroscopy can provide 
local, site-dependent information regarding magnetic moments. For example, there are six 
crystallographically distinct Fe sites in tetragonal Nd2Fe14B. A magnetic moment for each site 
can be estimated from its hyperfine field, which depends crucially on the local environment. It 
is often assumed that the Fe sites, characterized by largest number of nearest-neighbor Fe 
atoms, carry the largest moment in Nd2Fe14B [5]. It has also been reported that the Fe with 
less than six Fe nearest neighbors arranged in a random close packed structure in amorphous 
Y1-xFex alloys shows no magnetism, etc. [85]. This clearly indicates the extreme sensitivity of 
Fe to short range order. 
 
Besides the distribution of moments in amorphous alloys caused by inequivalency of sites, a 
distribution of exchange interactions prevails due to inequivalent nearest-neighbor distances 
[85-87]. This is because the exchange interaction depends on the distance between magnetic 
atoms and in amorphous material the positions of magnetic ions slightly deviate from the 
average interatomic distance. It is assumed that the distribution of atomic positions is 
sufficiently small so that it does not destroy the ferromagnetic order [86]. However, if the 
distribution is broad enough to encompass a sufficient number of antiferromagnetic 
interactions, the ferromagnetic phase is unstable and a random non-collinear phase results  
[86, 88]. But even when only ferromagnetic exchange exists, a smeared out magnetic 
transition is observed instead of a well-defined Curie temperature because of its dependence 
on exchange integrals, which are sensitive to the distances between neighbor atoms [85]. 
Another source of change of the Curie temperature is the alteration of chemical short-range 
order. Therefore, both structural as well as chemical disorder affect the Curie temperature in 
amorphous materials. 
 
Amorphous ferromagnets do show magnetic domains, where the magnetization tends to 
follow a local easy axis, which can be dictated by internal stress or shape of the specimen 
[89]. On the other hand some magnetic properties (e.g., coercivity, remanence) are structure 
sensitive and the large atomic disorder and the absence of lattice periodicity in amorphous 
solids will in general considerably modify these properties from those found in their 
crystalline counterparts [90, 91]. For the most part, amorphous alloys are free from crystalline 
defects; specifically, there are no dislocations and no grain boundaries, which can pin the 
domain walls resulting in a very small coercivity. Another important effect of lack of 
periodicity is on the magnetocrystalline anisotropy, which is discussed in the next section. 
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2.2 Magnetic anisotropy 
After exchange interaction, the next most significant factor determining the properties of 
magnetic materials is the magnetic anisotropy, which may strongly affect the shape of the 
magnetic hysteresis loop [90]. In anisotropic materials the magnetic properties depend on the 
direction in which they are measured. There are several kinds of magnetic anisotropies:  
1. Crystal anisotropy also called magnetocrystalline anisotropy. 
2. Shape anisotropy. 
3. Stress anisotropy. 
4. Induced anisotropy. 
5. Exchange anisotropy. 
 
Magnetocrystalline anisotropy 
Crystal anisotropy can be regarded as a force, which tends to bind the magnetization to certain 
directions in the crystal. Such binding results in the formation of preferred directions called 
easy axes along which less field is required to magnetize the material than along other axes 
called hard axes. Crystal anisotropy is mainly due to spin-orbit coupling. The interactions 
between crystal lattice, orbit, and spin of the electron are summarized in Fig 2.1. The orbits 
are fixed very strongly to the lattice and even large fields cannot change them. There is also a 
coupling between the spin and the orbital motion of each electron called spin-orbit  
coupling. Therefore, when an external field tries to reorient the spin of an electron, the orbit of 
that electron also tends to be reoriented. But the orbit is strongly coupled to the lattice and 
therefore resists the attempt to rotate the spin axis. The energy required to rotate the spin 
system away from the easy axis, which we call the anisotropy energy, is just the energy 
required to overcome the spin-orbit coupling. 
 
 
Figure 2.1: A schematic description of spin-lattice-orbit interactions. 
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A quantitative measure of the strength of the magnetocrystalline anisotropy is the field, Ha, 
needed to saturate the magnetization in the hard direction. This field is called the anisotropy 
field and the anisotropy energy density E corresponds to the area between the magnetization 
curves in different crystallographic directions. The anisotropy energy E can be expressed in 
terms of a series expansion of the direction cosines of saturation magnetization ( SM
&
) relative 
to the crystal axis. In a cubic crystal, if SM
&
 makes angles a, b, c with the crystal axes, and α1, 
α2, α3 are the cosines of these angles, then 
( ) ( ) ......232221221232322222110 +++++= ααααααααα KKKE   ,                                 (Eq. 2.1) 
where K0, K1, K2,…are constants for a particular material. Higher powers are generally not 
needed, and sometimes K2 is so small that the term involving it can be neglected. Uniaxial 
materials have a single unique easy axis and, therefore, the anisotropy energy E depends on 
only a single angle, the angle θ  between SM
&
 and the easy axis. Therefore, 
......sinsin 42
2
10 +++= θθ KKKE                                                                              (Eq. 2.2) 
In case of single crystals the magnetocrystalline anisotropy is measured by either torque 
curves or magnetization curves in different directions [90, 91]. However, in a polycrystalline 
material such measurements become meaningless. In this case a different approach called 
“singular point detection (SPD)” is employed [92, 93]. According to this method an analytical 
singularity exists in the magnetization curve of a polycrystalline specimen with uniaxial 
anisotropy that appears in the form of a cusp in the second derivative of magnetization with 
respect to H, M″ = d2M/d2H. 
 
Shape anisotropy 
The shape anisotropy originates from the demagnetizing factor, which depends on the shape 
of the specimen. If the specimen is spherical in shape, then the applied field will magnetize it 
to the same extent in any direction. But if the specimen is nonspherical, it will be easier to 
magnetize it along a long axis than along a short axis because the demagnetizing field along a 
short axis is stronger than along a long axis. The applied field along a short axis then has to be 
stronger to produce the same true field inside the specimen. Thus shape alone can be a source 
of anisotropy. The magnetostatic energy Ems for a specimen in the shape of a rod with a semi-
major axis c&  and a semi-minor axis a&  magnetized to a level M at an angle θ  to c&  is given 
by: 
( ) θ2221221 sinMNNNME cacms −+= ,                                                                       (Eq. 2.3) 
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where Nc and Na are the demagnetizing factors along c
&
 and a& , respectively. This expression 
for the magnetostatic energy has an angle-dependent term of exactly the same form as the 
uniaxial magnetocrystalline anisotropy. The long axis plays the same role as the easy axis of 
the crystal, and the shape-anisotropy constant Ks is given by: 
( ) 221 MNNK caS −=                                                                                                      (Eq. 2.4) 
 
Stress anisotropy 
Specimens are never fully free of stresses, which can be another source of anisotropy. When a 
specimen is exposed to a magnetic field, its dimensions change and the effect is called 
magnetostriction. Upon magnetization, a previously demagnetized crystal experiences a strain 
that can be measured as a function of applied field. The inverse effect, or the change of 
magnetization with stress, also occurs. A uniaxial applied stress can produce a unique easy 
axis of magnetization if the stress is sufficient to overcome all other anisotropies. The stress 
anisotropy energy, which is the magnetoelastic energy Eme can be written as: 
θσλ 223 sinSmeE = ,                                                                                                        (Eq. 2.5) 
where λS is the saturation magnetostriction, σ is the magnitude of the uniaxial applied stress, 
and θ  is the angle between SM
&
 and the direction of σ. The stress anisotropy constant Kσ is 
given by 3/2λSσ. The axis of stress is an easy axis if λSσ is positive. If this quantity is 
negative, the stress axis is a hard and the plane normal to it is an easy plane of magnetization.  
 
Exchange anisotropy 
Another small-particle effect named exchange anisotropy was discovered by Meiklejohn and 
Bean [94]. This anisotropy is the result of an interaction between an antiferromagnetic 
material and a ferromagnetic material. This kind of anisotropy is manifested by a displaced 
hysteresis loop when the specimen is cooled in a magnetic field. The exchange anisotropy is 
unidirectional rather than uniaxial and is given by 
θcosKE −= ,                                                                                                                 (Eq. 2.6) 
where K is the anisotropy constant and θ is the angle between SM
&
 and the direction of the 
applied field during cooling. The exchange anisotropy is mostly observed in a specimen 
composed of fine ferromagnetic and antiferromagnetic particles that are in intimate contact 
with each other. 
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Magnetic anisotropy in amorphous materials 
Magnetic anisotropy arising from long-range crystallinity is clearly absent in amorphous 
alloys. Thus, there is no fundamental anisotropy constant that can be attributed to an 
amorphous alloy of a particular composition. However, the local atomic order of magnetic 
amorphous alloys, which varies randomly in direction, gives rise to a random anisotropy that 
plays an important role for their magnetic properties [85, 95]. The orientation and strength of 
this local anisotropy varies with position, hence the term random anisotropy. The ease or 
difficulty of reaching saturation in a given direction in an amorphous material is also affected 
by the sample shape, by strain-induced anisotropy, or by field-induced anisotropy. These 
factors still operate in amorphous magnetic materials. 
 
2.3 Magnetic parameters 
Ferromagnetic materials have non-linear magnetization curves, as the changing magnetization 
with applied field is due to a change in the magnetic domain structure. These materials show 
hysteresis and the magnetization does not return to zero after the removal of an applied 
magnetic field. Figure 2.2 shows a typical hysteresis loop, where the magnetization is plotted 
against the applied field. Illustrated in the first quadrant of the loop is the initial magnetization 
curve (dotted line), which shows the increase in magnetization upon the application of a field 
to a demagnetized sample. In the first quadrant the magnetization and the applied field are 
 
 
Figure 2.2: A typical hysteresis loop for a ferromagnetic material. The dotted curve shows 
the initial magnetization curve. Saturation magnetization (MS), remanence (Mr), and 
coercivity (HC) are illustrated on the curve. 
HC 
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both positive, i.e., they are in the same direction. The magnetization increases initially by the 
growth of favorably oriented domains, which will be magnetized in the easy direction of the 
crystal. When the magnetization can increase no further by the growth of domains, the 
direction of magnetization of the domains then rotates away from the easy axis to align with 
the field. When all of the domains have fully aligned with the applied field saturation is 
reached and the magnetization cannot increase further. If the field is removed the 
magnetization returns along the solid line to the y-axis (i.e., H = 0), and the domains will 
return to their easy direction of magnetization, resulting in a decrease in the overall 
magnetization. If the direction of applied field is reversed (i.e., to the negative direction) then 
the magnetization will follow the solid line into the second quadrant. The magnetization will 
only decrease after a sufficiently high field is applied to: (1) nucleate and grow domains 
favorably oriented with respect to the applied field or (2) rotate the direction of magnetization 
of the domains towards the applied field. After applying a high enough field the 
magnetization reaches its saturation value in the negative direction. If the applied field is then 
decreased and again applied in the positive direction then the full hysteresis loop is plotted. If 
the field is repeatedly switched from positive to negative directions and is of sufficient 
magnitude then the magnetization will cycle around the hysteresis loop in an anti-clockwise 
direction. The area contained within the loop indicates the amount of energy absorbed by the 
material during each cycle of the hysteresis loop. 
 
The hysteresis loop is a means of characterizing magnetic materials, and various parameters 
can be determined from it. From the first quadrant (Fig. 2.2) the saturation magnetization, MS 
can be measured. Most of the useful information, however, can be derived from the second 
quadrant of the loop, and, indeed, it is sometimes conventional only to show this quadrant. 
The magnetization retained by the magnet after the magnetizing field has been removed is 
called the remanence, Mr. The reverse field required to bring the magnetization to zero is 
called the coercivity, HC. Another parameter is the magnetic induction (B = µoH + µoM), 
which is the total flux of magnetic field lines through a unit cross sectional area of the 
material, considering both lines of force from the applied field and from the magnetization of 
the material. The constant µo is the permeability of free space (4pi×10-7 H/m), which is the 
ratio of B/H measured in a vacuum. The maximum value of the product of B and H is called 
the maximum energy product, (BH)max and is a measure of the maximum amount of useful 
work that can be performed by the magnet. (BH)max is used as a figure of merit for permanent 
magnet materials. In addition, the shape of the initial magnetization curve and the hysteresis 
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loop can provide information about the magnetic domain behavior within the material. 
Another equation to consider at this stage is that concerning the magnetic susceptibility (χ). 
The magnetic susceptibility is a parameter that demonstrates the type of magnetic material 
and the strength of that type of magnetic effect. 
H
M
=χ                                                                                                                             (Eq. 2.7) 
For example, it is small and negative for diamagnetic (-2×10-6 for Au), small but positive for 
paramagnetic (21×10-6 for Pt), and large and positive for ferromagnetic (1 to 105 for Fe) 
materials. 
 
2.4 Coercivity mechanisms and magnetization reversal 
As explained above, the characteristic property of hard magnetic materials, the coercivity, is 
the resistance to the reversal of the magnetization after saturation. The origin of the coercivity 
in Nd-Fe-B magnets is the uniaxial magnetocrystalline anisotropy [2-5]. However, it must be 
noted that the coercivity is not an intrinsic magnetic property, which means that the value of 
the coercivity depends not only on the chemical composition, the temperature, and the 
magnetic anisotropy, but also strongly on the microstructure of the material [28-36]. The 
necessary interplay between the microstructure and the intrinsic magnetic properties for the 
existence of coercivity in a given material is in general an intricate process. The 
understanding of the mechanisms of coercivity is essential for further improving hard 
magnetic properties. There are various methods of increasing or decreasing the coercivity of 
magnetic materials, which involve controlling the magnetic domains within the material. For 
a hard magnetic material it is desirable that the domains cannot easily rotate their direction of 
magnetization and that the domain walls do not move easily and/or nucleation of reverse 
domains is difficult. To prevent easy rotation of domains the material could have a strong 
uniaxial magnetocrystalline anisotropy. Alternatively, shape anisotropy can occur in needle-
like particles/grains. 
 
Magnetic domains form in order to reduce the magnetostatic energy of the system. However, 
the introduction of domain walls increases the energy of the system because of the wall-
energy (γw) associated with them. Therefore, the division into domains only continues as long 
as the reduction in magnetostatic energy is greater than the energy required to form the 
domain wall. If the size of a magnetic particle/grain decreases then there is a critical size 
below which the decrease in magnetostatic energy by splitting into two domains is less than 
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the increase in energy due to the introduction of the domain wall. Particles that are below this 
critical size are known as “single-domain particles”. If they have a sufficiently high 
anisotropy to prevent the easy rotation of the direction of magnetization then it will be 
difficult to reverse their magnetization. The critical diameter of a spherical single-domain 
particle (dsd) can be approximated using the intrinsic properties of the material by the 
following equation [87]: 
( )
2
0
72
s
effex
sd M
KA
d ≈ ,                                                                                                       (Eq. 2.8) 
where Aex is the exchange constant, Keff is the effective anisotropy constant, and MS is the 
saturation magnetization. This type of coercivity mechanism is observed in melt-spun Nd-Fe-
B magnets where the grain size is about 50 nm, compared to the critical size for single-
domain particles of 300 nm [5, 96]. 
 
Permanent magnets can also achieve large coercivity by making the nucleation of reverse 
domains difficult. This mechanism can be found in sintered Nd-Fe-B permanent magnets 
where a non-magnetic grain boundary phase acts to smooth the grain boundaries, removing 
domain nucleation sites [96, 97]. Nucleation-controlled permanent magnets are easily 
magnetized as the initial state has several domains in each crystal, but are difficult to 
demagnetize because this would require the nucleation of new reverse domains. 
 
Permanent magnets can attain their resistance to demagnetization by pinning of the domain 
walls. In Sm2Co17-type magnets this is achieved by the presence of a Sm(CoCu)5-based phase 
in which the domain wall energy is lower than that of the majority Sm2Co17-based phase [98]. 
This is because the anisotropy of the Sm(CoCu)5 phase decreases with increasing the Cu 
content [98]. The domain walls are, therefore, repelled from the Sm2Co17 phase and both 
magnetization and demagnetization processes are difficult. The pinning mechanism takes 
place when the domain wall energy varies from site to site due to fluctuations in exchange or 
anisotropy energy. This gives rise to energy barriers that act as hindrances pinning the domain 
walls. Pinning sites in hard magnets are thus soft or non-magnetic inclusions or defects, which 
are magnetically different from the ferromagnetic matrix. Note that defects may lower the 
coercivity by serving as nucleation sites or raise the coercivity by pinning domain walls. 
Large defects are more effective for nucleation, small defects for pinning [87]. 
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As discussed above, two coercivity mechanisms have been established concerning the 
magnetization reversal process of permanent magnets. The first one is controlled by 
nucleation of reversed domains. The magnetization reversal is realized by spontaneous 
expansion of these nucleated domain walls. Compared to nucleation, the propagation of the 
reversed domains occurs much easier. Therefore, in this case, the coercivity corresponds to 
the applied inverse field required to nucleate a reversed domain, HN. The other coercivity 
mechanism is controlled by the domain-wall propagation process. The domain wall is pinned 
by crystallographic defects or nonmagnetic precipitates (pinning centers). The magnetization 
reversal can only be realized by overcoming the maximum pinning force. Therefore, in this 
case, the coercivity corresponds to the applied inverse field required to move a domain wall 
over the maxima of the pinning field, HP. However, the two mechanisms are not mutually 
exclusive and reverse-domain nucleation together with domain wall pinning occurs in the 
technical magnets [97, 99]. Which one of these two mechanisms is the dominating one 
depends on many materials and microstructural parameters and no single experiment gives 
conclusive results. Generally speaking, the following four experiments give an insight into the 
coercivity mechanism: (1) initial magnetization curve, (2) minor hysteresis loops, (3) 
temperature dependence of the coercivity, and (4) angular dependence of the coercivity. 
 
The initial magnetization curves serve as a good indicator of the type of coercivity 
mechanism. A high initial susceptibility indicates easy domain wall motion whereas a low 
initial susceptibility suggests the pinning of domain walls. For thermally demagnetized 
samples the role of microstructure in determining the coercivity mechanism can be discussed 
depending on the grain size (d) relative to the critical size for single-domain particles (dsd). 
For multidomain grains (d > dsd), due to the free movement of the domain walls throughout 
the grain, the initial susceptibility of the samples will be large (curve 1 in Fig. 2.3). In this 
case the field required to remove domain walls from the grains is µoHsat = NMS (N 
demagnetization factor of the grains) and the magnetization reversal is nucleation-controlled. 
On the other hand, if the grains contain inhomogeneities the domain walls are pinned at the 
inhomogeneities in the grains (provided that the wall energy at inhomogeneities is lower than 
in the surrounding matrix). Thus, in order to displace the domain walls the external field has 
to exceed the pinning field, HP and the initial susceptibility of the sample is low (curve 2 in 
Fig. 2.3). In this case, the magnetization reversal is controlled by the dominant process, |HN| > 
|HP| nucleation or |HP| > |HN| pinning. For single domain grains (d ≤ dsd), the initial 
susceptibility will always be low (curve 2 in Fig. 2.3) and independent of the inhomogeneities 
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contained within the grain. The magnetization reversal in single-domain particles takes place 
only by the rotation of the magnetization, which requires a larger applied field. 
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Figure 2.3: Expected initial magnetization curve for nucleation-controlled (curve 1) and 
pinning-controlled (curve 2) magnets. 
 
The magnetization rotation can occur either by coherent or incoherent modes. The coherent 
rotation mode assumes that the spins of all the atoms in a particle remain parallel to one 
another during the rotation. Incoherent modes of rotation are magnetization curling, fanning, 
and buckling. Thus, the initial curve is not a good indicator of the coercivity mechanism when 
the particle size and the single domain particle size are comparable. Another experiment that 
gives insight into the coercivity mechanism is the study of minor hysteresis loops. Becker 
showed that the value of the coercivity depends on the strength of the maximum applied field 
[100]. In a multidomain nucleation-controlled material, the strength of the minimum positive 
field, required to achieve the maximum coercivity, is much weaker than the coercivity. For a 
pinning-controlled material, this minimum positive field is more or less equal to the 
coercivity. However, in the case of a single-domain material, the nucleation mechanism leads 
to the same result as in the case of the pinning-controlled mechanism in a multi-domain 
material. Therefore, interpretation of minor hysteresis loops also requires knowledge of the 
single-domain particle size and the average grain size. The angular dependence of the 
coercivity in isotropic materials is experimentally meaningless. Therefore, the temperature 
dependence of coercivity is essential in conjunction with the initial magnetization curve and 
the minor loops to clearly reveal the coercivity mechanism. A differentiation between the 
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coercivity mechanisms is possible using either the model for nucleation of reversed domains 
[101] or the model for domain wall pinning by a random array of pinning sites [102] so as to 
fit the temperature dependence of the measured coercivity. Both models require 
microstructural parameters, which allow a direct correlation to be made with the observed 
microstructural features. 
 
2.4.1  Nucleation models 
The assumption of the nucleation models is that at large applied fields all domain walls are 
removed. The magnet will behave as a large single-domain particle. The magnetization of this 
particle can be reversed at HC = Ha = 2K/MS. However, the coercivity values determined 
experimentally are much lower than the theoretical values predicted from the above equation. 
To explain this discrepancy, it was assumed that nucleation takes place at secondary phases 
with lower K and (or) at grains with large demagnetizing factors N (grains with sharp corners) 
where the nucleation field HN is smaller than Ha, with HN = Ha-NMS. The nucleation models 
are based on the theory of micromagnetism [101, 103]. The micromagnetic model consists in 
the minimization of the Gibbs free energy, composed of the exchange, magnetocrystalline 
anisotropy, stray field and magnetostatic energy terms, in the presence of an applied field H. 
The temperature dependence of the coercivity in nucleation-controlled magnets is determined 
by the temperature dependence of the anisotropy constants and the saturation magnetization. 
In order to analyze the temperature dependence of the coercivity, the knowledge of the 
anisotropy constants as a function of temperature is necessary. The nucleation models have 
been tested for sintered RE2Fe14B magnets [104]. It was observed that the agreement between 
theory and experiment is excellent indicating nucleation as the dominant coercivity 
mechanism for sintered RE2Fe14B magnets. However, in general it is difficult to validate the 
nucleation models for materials with unknown intrinsic parameters. 
 
2.4.2  Domain wall pinning models 
The physical picture of domain wall pinning is rather different [105]. It firstly requires the 
nucleation of a reverse domain, which expands further by domain wall propagation [99]. In 
real materials the domain walls do not move reversibly. Grain boundaries, precipitates, 
inclusions, stress, and other defects can lower the wall energy at a particular position in the 
material, or they can place a barrier in front of the wall, inhibiting further wall motion through 
the defect [102, 106-110]. A nonmagnetic inclusion coincident with a domain wall reduces the 
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total wall energy locally by γw (domain wall energy per unit area) times the common cross-
sectional area of the defect and the wall. Alternatively, a magnetic defect having a strong 
anisotropy relative to that of the matrix could effectively pose a barrier to a domain wall. In 
this case the spin is pinned in the direction of the local anisotropy, preventing the wall from 
moving through the defect. These two classes of defects are depicted in Fig. 2.4. A 
nonmagnetic inclusion, left, reduces the local wall energy while a high-anisotropy defect, 
right, increases the local wall energy. The domain wall interaction with inhomogeneities is 
usually represented by position dependent wall energy γw(x), which varies with position. The 
usual form of γw(x) illustrated in Fig 2.4 consists of energy minima and maxima that set up 
energy barriers to the domain wall motion [87]. The maximum slope of γw(x) corresponds to 
the maximum pinning force from which the coercivity can be calculated. To calculate HC, the 
form of γw(x) must be known.  
 
 
Figure 2.4: (a) Two kinds of defects and their influence on wall motion for a vertical 
applied field: nonmagnetic inclusions (left) locally lower the wall energy (γw) by decreasing 
the wall area; particles of different anisotropy or magnetization than the matrix (right) 
present a barrier to wall motion. (b) Domain wall energy (γw) as a function of position in 
absence of an applied field. 
 
Thermal activation processes play an important role in domain wall pinning. At finite T, 
thermal energy may assist domain wall motion over energy barriers leading to a smaller HC at 
(a) 
(b) 
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higher T. The role of thermal activation is not clear in nucleation-type models, where the 
temperature dependence of HC is determined by the temperature dependence of K and MS. 
According to the pinning model HC should increase with the density of defects. This behavior 
is opposite to that of nucleation models where the presence of defects lowers the nucleation 
field. Several quantitative models of domain wall pinning have been established based on the 
type of defects, size of the defects, and the nature of domain walls [102, 106-110]. 
 
2.5  Nd-based hard magnetic materials 
The discovery and development of permanent-magnet materials is a vital component of the 
research in magnetism. From the basic physics perspective this activity is motivated by the 
long standing challenge of enhancing properties such as remanence, coercivity, and Curie 
temperature and of understanding the fundamental mechanisms controlling those properties. 
On the technological side, a strong stimulus is driven by the growing number and diversity of 
applications for hard magnets. The maximum energy product (BH)max is considered as a figure 
of merit for permanent magnets. Over the past three decades the energy product has been 
increased by RE-TM materials in which the RE component provides most of the 
magnetocrystalline anisotropy intrinsically responsible for the coercivity in a practical 
magnet, while the magnetization arises principally from the TM sublattice [111]. 
Investigations of such systems began with magnetization measurements on RECo5 
compounds with hexagonal CaCu5 crystal structure [112, 113]. The determination of the 
anisotropy made it apparent that the RECo5 compounds were promising candidates for 
permanent magnets [112]. SmCo5 became the focus of technological efforts, and energy 
products in the 120-250 kJ/m3 range were obtained [113]. In view of their higher cobalt 
content and, hence, higher magnetization and potentially larger (BH)max values, also the 
RE2Co17 compounds were heavily investigated as hard magnetic materials [114]. In contrast 
to the RCo5 series, the Co sublattice in the RE2Co17 compounds is characterized by basal-
plane rather than uniaxial anisotropy, and the total anisotropy is lower [114]. Nevertheless, 
the RE2Co17 magnetization and the RECo5 anisotropy have been exploited via the technique of 
precipitation hardening [98]. Energy products as large as 260 kJ/m3 have been obtained in 
Sm-Co-based alloys featuring a two component cellular microstructure in which a Sm2Co17 
phase is surrounded by a soft magnetic Sm(CoCu)5-boundary phase [5]. Iron-based materials 
having the characteristics of the Sm-Co alloys had long been desired. RE-Fe phases with the 
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CaCu5 structure do not exist, and the RE2Fe17 compounds in which RE is a light rare earth 
have considerably low Curie temperatures [6, 7, 114].  
 
The apparent absence of appropriate Fe-based binary compounds led to the advent of the 
ternary Nd2Fe14B [2-4, 24-26]. The Nd2Fe14B-based magnets showed energy products of 
(320-390 kJ/m3) higher than all previous values [5]. The discovery of Nd2Fe14B magnets 
evolved from the earlier studies of rapidly solidified RE-Fe binary alloys [8-13]. The series of 
investigations of amorphous and metastable crystalline RE-TM precursors were motivated by 
the finding of Clark that amorphous Tb0.33Fe0.67 developed a coercive force of about 0.3 T 
after annealing [8]. With the working assumption that Fe-based binary alloys were not 
promising, a considerable interest had centered on ternary Nd2Fe14B because of its excellent 
intrinsic properties [2-5, 24-38]. The hard magnetic properties of Nd2Fe14B magnets are 
strongly linked to their microstructure, which is typically characterized by finely dispersed, 
oriented, elongated, single-domain particles precipitated by appropriate thermal treatment  
[28, 31, 34-36]. Since the discovery of Nd2Fe14B magnets, a significant attention has been 
devoted to understand and further improve the magnetic properties using different additives 
and preparation methods [5, 33].  
 
2.5.1  Binary Nd-Fe alloys 
Nd-Fe is, together with Sm-Co, the most important rare earth-transition metal binary system 
for magnetic materials. As early as 1935, a high coercivity of 0.45 T was reported in Nd-rich 
Nd-Fe alloys [1]. Advances in hard magnetic materials based on Nd2Fe14B have rekindled 
interest in Nd-Fe intermetallics after a gap of 4 decades. In the last two decades extensive 
studies have been carried out to synthesize and characterize the various stable and metastable 
phases in the Nd-Fe alloy system [14-20, 45-49, 115-121]. Fe forms fewer compounds than 
Co and Ni with rare earths [6, 7]. The atomic size of Fe is comparable to that of Co and Ni, 
and if it were alone important, RE-Fe phases should form easily. It implies that a significant 
electronic contribution to the stability of RE-Fe compounds must also exist. The unambiguous 
information available about Nd-Fe binary phases is usually limited. When conflicting reports 
of phases are met they have one of the following explanations: (1) the phase is metastable or 
stabilized by impurities and, therefore, not observed by all investigators, (2) the experimental 
conditions under which the phase is formed are not well defined. As an example, cubic NdFe2 
reported by several authors is not obtained easily [115, 118-121]. It has been possible to get a 
metallic compound with that Nd:Fe ratio by admitting some oxygen into the system, or by 
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replacing some of the Fe with Co [27, 51, 122]. The binary Nd-Fe phase diagram shown in 
Fig. 2.5a displays only one stable intermetallic compound Nd2Fe17 [46]. However, a new 
phase Nd5Fe17 has been included in the revised Nd-Fe phase diagram shown in Fig. 2.5b [47]. 
The Nd-rich eutectic, which is described as Nd + Nd2Fe17 (Fig. 2.5a) or Nd + Nd5Fe17 (Fig. 
2.5b) is usually more complex.   
       
   
Figure 2.5: (a) Nd-Fe binary phase diagram [46] showing only one Nd2Fe17 stable 
intermetallic phase. (b) Revised Nd-Fe phase diagram [47], which shows the existence of a 
hexagonal Nd5Fe17 phase. 
 
(a) 
(b) 
Nd80Fe20 
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The description with the simple reactions L ' Nd + Nd2Fe17 or L ' Nd + Nd5Fe17 is 
inadequate because it is well known that Nd-rich Nd-Fe alloys show hard magnetic properties 
at room temperature with a coercivity of  about 0.5 T [1, 15, 16, 119, 123-125]. However, 
both the eutectic phases Nd2Fe17 and Nd5Fe17 exhibit an easy basal plane anisotropy and as a 
result show soft magnetic behavior. Therefore, the large coercivity of Nd-rich Nd-Fe alloys 
cannot be correlated to either of the Nd2Fe17 and Nd5Fe17 phases. The hard magnetic 
properties of as-cast Nd-rich Nd-Fe alloys are usually correlated to a metastable phase named 
A1, that occurs as an eutectic-like phase where its size is very small [19, 20, 46, 47, 119]. 
Besides the well-identified intermetallic Nd2Fe17 and Nd5Fe17 phases, several other metastable 
phases have been reported to form under different conditions [18]. The possible stable and 
metastable phases reported so far in the binary Nd-Fe system are discussed below: 
 
Allotropic forms of Nd 
Nd exists in three allotropic forms being stable under different conditions of temperature and 
pressure [126]. At room temperature Nd exhibits a double hexagonal close-packed (dhcp) 
structure and shows two Néel temperatures: TN = 19.9 K, which reflects the magnetic ordering 
temperature of the hexagonal sites, and TN = 7.5 K, as the ordering temperature of the cubic 
sites [127]. Nd forms an fcc structure at a pressure of 50 kbar, which is ferromagnetic with a 
Curie temperature TC = 29 K [127]. Most of the rare earths undergo a transformation to bcc 
structure before melting [126]. 
 
Nd2Fe17 phase 
Before 1990 only one intermetallic phase, Nd2Fe17, was described as being stable in the 
binary system Nd-Fe [46]. It crystallizes in a rhombohedral structure with cell parameters a = 
0.857 nm and c = 1.246 nm. It exhibits an easy-plane anisotropy, which makes it inappropriate 
for permanent magnets. Another drawback of the Nd2Fe17 phase is its low TC of about 335 K 
[128]. The RE2Fe17 compound is stable for all light rare earths. RE2Fe17 compounds show 
large magnetization values (e.g., 192 Am2/kg for Nd2Fe17) due to their large Fe content. 
However, their TC values are significantly low. 
 
NdFe7 phase 
Katter et al. observed a metastable Sm-Fe phase with TbCu7-type hexagonal structure while 
preparing Sm2Fe17-based compounds using melt spinning at wheel velocities above 15 m/s 
[129]. At higher Sm concentration or lower quenching rates the structure changes to Th2Zn17-
type. It was observed that the Th2Zn17-type ribbons were soft while TbCu7-type samples 
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displayed moderate coercivities of the order of 0.2 T. Like other RE-TM compounds the 
TbCu7 structure can be derived from RETM5 (CaCu5 structure), by replacing an appropriate 
amount of RE atoms with pairs of TM dumbbells. In the TbCu7 structure this substitution 
takes place randomly. Therefore, the TbCu7 structure can also be considered as a derivative of 
the 2:17 structure without long-range ordering, which is sometimes described as a disordered 
RE2TM17 structure. It was reported that the metastable REFe7 compounds could be 
synthesized in the entire rare earth series by mechanical alloying subsequently followed by 
appropriate annealing [117]. All of the REFe7-type compounds can absorb a large amount of 
nitrogen and the resulting nitrides exhibit considerably higher coercivity compared to their 
parent REFe7 compounds [129]. In the Nd-Fe system the NdFe7 phase does not form under 
equilibrium conditions. However, it can be stabilized by Ti addition and forms in as-cast 
alloys, but decomposes at temperatures below 1073 K [18]. The metastable NdFe7 is a 
hexagonal compound with a saturation magnetization of 111 Am2/kg, and a TC of 393 K [117]. 
 
Nd6Fe23 phase 
RE6Fe23 is a metastable compound when RE is a light rare earth. However, Fe forms the stable 
fcc RE6Fe23 (Th6Mn23 structure) compound with most of the heavy rare earths. Metastable 
Nd6Fe23 was reported to form in melt-spun Nd33Fe67 samples upon crystallization at fast 
heating rates. Nd6Fe23 exhibits a fcc structure with a lattice parameter of 1.152 nm and a TC of 
515 K [17]. The presence of the Nd6Fe23 phase was confirmed on the basis of x-ray diffraction 
and Mössbauer studies. However, after this claim was made by Liao et al. there is no further 
report confirming the formation of the Nd6Fe23 phase [17]. 
 
Nd5Fe17 phase 
The revised Nd-Fe phase diagram reported by Landgraf et al. includes the new Nd5Fe17 phase, 
stable below about 1040 K [47]. This stable phase was obtained from a metastable Nd-Fe 
phase by annealing at temperatures around 873 K for 24 h. The Nd5Fe17 phase is not observed 
in as-cast Nd-Fe alloys. This was explained on the basis of slow kinetics of Nd5Fe17 phase 
formation by a peritectic reaction. An alternative method to obtain the Nd5Fe17 phase is a long 
(> 48 days) annealing of Fe-rich Nd-Fe alloys at 873 K. The x-ray powder diffraction pattern 
of Nd5Fe17 is rich in lines making it difficult to index it [18]. Nevertheless, the diffraction 
pattern was indexed with a hexagonal cell with a = 2.021 nm and c = 1.232 nm, and with 12 
formula units per unit cell. A full structural analysis was performed by Moreau et al. and 
indicates a complex atomic arrangement in which there is a high degree of segregation of Nd 
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and Fe atoms [116]. It was observed that Nd5Fe17 exhibits an easy plane anisotropy and is 
magnetically soft. The compound is ferromagnetic with a TC of 503 K and a magnetization of 
162 Am2/kg [130]. 
 
NdFe5+x phase 
Light rare earth metals are not assumed to form compounds of the CaCu5-type with iron. 
Stadelmaier et al. stabilized a hexagonal NdFe5 phase in splat-quenched NdFe5 alloys by 
suppressing the rhombohedral Nd2Fe17 compound [14]. The actual composition of the rapidly 
solidified phase was not likely to be stoichiometric NdFe5 because its cell parameters are very 
near to those of the subcell of Nd2Fe17. Therefore, it was assumed that the alloy is more iron-
rich than NdFe5 and a formula NdFe5+x was assigned. The phase was magnetically 
characterized as a ferromagnetic phase with a TC of 370 K [14].  
 
NdFe2 and other REFe2 Laves phases 
The REFe2 compounds exhibit the cubic Laves MgCu2-type (C15) structure [6]. However, the 
formation of REFe2 compounds for the rare-earth elements to the left of Sm is not known with 
certainty. Although CeFe2 does exist, its stability being associated with the fact that Ce is 
quadrivalent. Several conflicting reports appeared about the stability or metastability of Nd- 
and Pr-based REFe2 compounds [17-19]. The first experimental studies of the Nd-Fe system 
pointed out the existence of NdFe2 phase, and two thermal events around the Nd-rich 
eutectic were reported in differential thermal analysis (DTA) measurements [131, 132]. 
Simultaneously, several REFe2 compounds were synthesized by high-pressure experiments, 
which supported the existence of the cubic NdFe2 phase [115]. The necessity of high pressure 
and high temperature was explained on the basis of the large atomic size of the light rare-earth 
elements. An ideal atomic radius ratio for the formation of the MgCu2-type Laves phase is 
1.225. For the RE-Fe intermetallics, the ratio ranges from 1.51 (La-Fe) to 1.38 (Lu-Fe) 
following the trend of the lanthanide contraction. In order to conform to the ideal radius ratio 
when forming a compound, the RE atoms contract and the Fe atoms expand. Thus, the 
modification in atomic size will be large for light rare-earth compounds. This is the primary 
reason why many of the light REFe2 compounds have not been produced under an ambient 
pressure. Later, it was verified that the NdFe2 phase was not stable, and instead, the hexagonal 
phase Nd5Fe17 was confirmed [47]. Recently, Santos et al. reported the peritectic formation of 
NdFe2 and PrFe2 compounds in directionally solidified samples [120, 121]. However, the 
crystal structure and the magnetic properties of the NdFe2 phase remain unidentified.  
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Nd-Fe-O phase 
The coercivity of Nd-Fe-B magnets is very sensitive to the Nd-rich intergranular phases. That 
led to the systematic study of all possible stable and metastable Nd-rich binary or ternary 
phases. It is widely accepted that the microstructure of sintered Nd-Fe-B magnets is primarily 
composed of the Nd2Fe14B matrix, an intergranular Nd-rich phase, and a small amount of B-
rich phase [33]. Additional phases may exist in the magnets due to the introduction of oxygen, 
which is invariably present. Several researchers have reported some evidence for the existence 
of oxygen-stabilized phases, which may contribute to domain wall pinning [27]. An oxygen 
stabilized compound of the approximate composition Nd29Fe66O5 and with a hexagonal 
structure with a = 2.021 nm and c = 1.235 nm was reported by Ping et al. [132]. The phase is 
ferromagnetic with a TC of 504 K. To understand the role of oxygen in stabilizing the hard 
magnetic phase in binary Nd-Fe alloys Schneider et al. prepared hypereutectic Nd-Fe alloys 
by the reaction-sintering technique with controlled oxygen content [133]. They observed 
magnetic domains in a phase with a composition of Nd65Fe30O5 and TC of about 508 K. Chen 
et al. identified a tetragonal Nd34Fe60O6 phase with a = 0.771 nm and c = 2.228 nm lattice 
constants and proposed a common link between the metastable hard magnetic phase and the 
stable Nd-Fe-O phase [51]. 
 
Metastable hard magnetic phases (A1 and/or H) 
In 1935 Drozzina et al. reported that a Nd-rich Nd-Fe alloy shows the highest then known 
room temperature coercivity of 0.43 T [1]. The phase responsible for the high coercivity in as-
cast Nd-rich Nd-Fe alloys was labeled as A1 and sometimes ε [16, 19, 20, 46, 47]. It has 
remained elusive because it forms as a fine eutectic-like phase that transforms into stable 
Nd5Fe17 after annealing at 873 K [16]. The high coercivity in Nd-Fe alloys is observed only if 
they are cooled at a rate higher than a certain critical value [47]. The alloys prepared at a 
cooling rate lower than the critical value show soft magnetic properties. The presence of the 
A1 phase with a TC of 518 K was confirmed in as-cast Nd-Fe alloys, as well as in as-cast Nd-
Fe-B alloys [44]. The magnetic properties of the A1 phase were studied for alloys of different 
compositions by several groups [15, 16, 20, 119, 124, 125]. The A1 phase is usually observed 
in a very fine fibrous and feathery eutectic in Nd-rich binary Nd-Fe or ternary Nd-Fe-B alloys 
[16, 47, 124]. It is this fine microstructure that is responsible for the observed coercivity. 
However, the fine morphology has impeded the attempts to determine composition and 
structure of the hard magnetic phase. For example, Hadjipanayis et al. report an EDX 
spectrum, corresponding to a Nd:Fe ratio of 1:4 for a metastable phase in as-cast Nd80Fe20 
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having a TC of 538 K [15]. These authors present few d-values but did not show a complete x-
ray diffraction pattern. On the other hand, Knoch et al. investigated the fine eutectic in as-cast 
Nd80Fe15B5 and found a Nd:Fe ratio of 1:1.1 [134]. Finally, Givord et al. claim that the 
composition of the A1 phase is in the range of Nd28Fe72 to Nd54Fe46 [19, 125]. These authors 
present a neutron diffraction spectrum and note the appearance of a broad peak characteristic 
of an amorphous or nanocrystalline phase [19]. This diversity of results is not unexpected 
when one considers that the regions corresponding to A1 in the fine Nd + A1 eutectic 
microstructure are smaller than 1 µm in size and are difficult to analyze due to the high 
reactivity of Nd. 
 
2.5.2  Ternary Nd-Fe-Al and quaternary Nd-Fe-Co-Al alloys 
The interest in the ternary Nd-Fe-Al system began with the coercivity enhancement of Nd-Fe-
B magnets by Al addition [53-56]. The effect of Al addition on the coercivity was explained 
by the change in the microstructure of Nd-Fe-B magnets that originates mainly in the 
solidification of Al-stabilized Nd-Fe-Al ternary phases [57]. As a basis for the understanding 
of the microstructural effects in the Nd-Fe-B-Al magnets these phases were synthesized and 
studied in detail [57]. To acquire the knowledge about the formation mechanism and phase 
relations in the ternary Nd-Fe-Al system, Grieb et al. studied the Al-poor region (< 40 at.%) 
of the system and identified two new ternary phases [57, 58]. These phases were described as 
the δ and the µ phase. These phases are formed by peritectic reactions: δ at 1173 K and µ at 
1023 K. The composition of the δ phase was reported to be Nd30Fe70-xAlx (8 < x < 25). It is 
tetragonal with a Co11La6Ga3-type structure with lattice constants a = 0.805 nm and c = 2.294 
nm. The µ phase, with an Nd:(Fe+Al) ratio of 1:2 was detected with a small homogeneity 
range for Al (2.5 to 5 at.%). A more comprehensive analysis about structure and magnetic 
properties of the δ and µ phases was carried out by Delamare et al. and later by Breton et al. 
[135, 136]. It was shown that the structure of the µ phase is not cubic and consists of a long-
period-stacking of planes, typical of polytypism [135]. The δ phase is antiferromagnetic with 
a Néel temperature of 240 K [57]. The µ phase is ferromagnetic with a large anisotropy field 
of Ha > 8 T combined with a magnetization of about 0.85 T and a Curie temperature of 508 K 
[57]. Rechenberg et al. showed that the µ phase exhibits the same Curie temperature as the 
Nd5Fe17 phase in binary Nd-Fe alloys [137]. Additionally, the Nd-Fe-Al samples with the µ 
phase show a similar microstructure as that of cast Nd80Fe20 samples annealed at 873 K [137]. 
This indicates the possibility of some structural relationship between Nd5Fe17 and the ternary 
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µ phase. All these scientific curiosities and the possibility to explore new phases kept the 
interest in ternary Nd-Fe-Al system alive.  
 
Parallel to this research activity of exploring new stable or metastable magnetic phases in Nd-
based alloys, another independent field of research in amorphous materials was gaining 
momentum due to the discovery of new glass-forming alloy systems and preparation 
techniques. However, most of the work in amorphous materials was being concerted in non-
ferrous or ferrous (Fe-rich) alloys due to their excellent mechanical and soft magnetic 
properties, respectively [64]. Several new alloy systems were discovered with extremely high 
glass-forming ability, which could be prepared in bulk amorphous shapes by conventional 
casting techniques [81]. On the working assumption that the presence of more elements with 
significantly different atomic sizes favors the glass-forming ability, He et al. synthesized Nd-
TM-Al bulk amorphous alloys, where TM was a combination of several transition metals [80]. 
They reported high glass-forming ability of Nd-TM-Al alloys near 60 at.% Nd. These findings 
immediately drew the attention of Inoue et al., who were at that time intensively investigating 
new glass-forming systems. Soon after this, Inoue et al. reported the formation of bulk 
amorphous Nd-Fe-Al alloys of 12 mm diameter [63, 64]. In addition to good glass-forming 
ability, Nd-Fe-Al alloys exhibit distinct features compared to conventional metallic glasses, 
which makes them a challenging topic for scientific scrutiny [66]. The first peculiar feature of 
amorphous Nd-Fe-Al alloys is their large coercivity, which is in contradiction to the 
conventional Fe-based amorphous materials with good soft magnetic properties [64]. The 
second distinct feature of amorphous Nd-Fe-Al alloys is the absence of a glass transition in 
the conventional calorimetry curves [79]. These two observations put up a question mark on 
the amorphous nature of as-cast Nd-Fe-Al alloys. To clarify the above-mentioned 
discrepancies a careful structural re-analysis of melt-spun and mold-cast Nd-Fe-Al alloys was 
performed [67, 71]. TEM investigations show that the rapidly quenched Nd-Fe-Al alloys 
exhibit an inhomogeneous microstructure, which consists of nano-sized Nd crystallites 
embedded in an amorphous matrix [67, 77].  
 
Now it is widely accepted that the Nd-Fe-Al alloys prepared by melt spinning and mold 
casting are not truly amorphous. Rather they are multi-phase alloys comprising amorphous 
and crystalline phases. However, their large coercivity values cannot be quantitatively 
explained by the available models for dual-phase materials. Ji et al. studied the soft magnetic 
behavior of a dual-phase system consisting of an amorphous and a nanocrystalline phase 
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through a statistical mechanics approach. They found that a minimum coercivity can be 
achieved at a specific volume fraction of nanocrystalline phase [138]. In contradiction to this 
theoretical model, Inoue et al. on the basis of their experimental investigations claimed that 
the hard magnetism of the alloys is weakened with the increase in fraction of nanocrystalline 
phase [64]. Lai et al. employed Fisch’s dual-phase model by taking into account two types of 
anisotropies, namely detrimental uniaxial anisotropy for the crystalline phase and random 
uniaxial anisotropy for the amorphous phase [76, 139]. Despite these intensive theoretical and 
experimental studies the understanding of the large room temperature coercivity of mold-cast 
Nd-Fe-Al alloys remained dubious.  
 
Recent years numerous efforts have been devoted to explore the RE-TM-Al alloys with rare-
earth elements other than Nd in combination with different transition metals [82, 83, 140-
143]. It was demonstrated that among the rare-earth elements Nd- and Pr-based alloys exhibit 
a larger tendency to form an amorphous structure compared to the other rare earths [140]. 
However, the trend among the different transition metals is not clear. The glass-forming 
ability is in general determined by the critical cooling rate required to form an amorphous 
structure. In glass-forming alloys it is commonly observed that the critical cooling rate and the 
maximum sample thickness are related by an inverse relation [81]. However, the Nd-TM-Al 
alloys do not follow this relation. Inoue et al. have shown that the maximum sample thickness 
for amorphous Nd60Fe30Al10 alloys reaches up to 12 mm, which is significantly higher than 5 
mm for the corresponding Nd60Co30Al10 amorphous alloy [79]. The critical cooling rate values 
determined are about 12 K/s for Nd60Fe30Al10 and about 4 K/s for the Nd60Co30Al10 alloy [79]. 
The lower critical cooling rate value for the Nd60Co30Al10 alloy clearly indicates that this alloy 
has a larger glass-forming ability than Nd60Fe30Al10. However, these observations are not 
consistent with those for the maximum sample thickness. Additionally, Nd-Fe-Al alloys do 
not show a distinct glass transition in the conventional DSC curves whilst the Nd-Co-Al 
alloys show a clear glass transition. Thus, the role of different transition metals for the glass-
forming ability is not well understood. 
 
2.5.3  Summary of Nd-Fe and Nd-TM-Al alloys 
Nd-Fe alloys 
In the binary system Nd-Fe, two intermetallic phases, rhombohedral Nd2Fe17 and hexagonal 
Nd5Fe17 are described as stable. The Nd2Fe17 has a TC of 335 K and the Nd5Fe17 has a TC of 
518 K. Apart from these two phases, under certain conditions, other Nd-Fe phases have been 
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synthesized. A cubic Laves phase NdFe2 is formed under high pressure at high temperatures 
[115]. By splat quenching, a hexagonal NdFe5+x phase with a TC ~373 K is formed [14]. Liao 
et al. prepared Nd6Fe23 phase by rapid quenching with a TC above room temperature [17]. 
Starting from an amorphous structure Croat crystallized a ferromagnetic phase with a TC of 
502 K, responsible for high coercivity in melt-spun Nd-Fe specimens [10]. Hiraga et al. 
obtained a soft magnetic bcc phase with a TC of 403-453 K by heat treatment of melt-spun 
Nd-Fe specimens [40]. Schneider et al. showed the occurrence of an oxygen-stabilized 
ferromagnetic phase, ε in as-cast Nd-Fe hypereutectic alloys [133]. These diverging results 
indicate that due to metastability or impurity effects a number of intermetallic phases can 
easily be formed depending on the starting composition and preparation method. Recent 
studies have clearly shown that the Nd-Fe eutectic is neither simply L ' Nd + Nd2Fe17 nor L 
' Nd + Nd5Fe17. Rather it is much more complex than it was thought earlier [120, 121]. Even 
the eutectic composition is a moot point as different authors have reported different eutectic 
compositions. The formation of eutectic phases and their morphology critically depend on the 
cooling rate and hence on preparation methods. The hypereutectic Nd-Fe alloys cooled above 
a certain critical cooling rate solidify into a metastable structure consisting of Nd and the so-
called A1 phase [47]. The same compositions when cooled at lower cooling rates show 
Nd2Fe17 grains embedded in a Nd-rich matrix, although the phase diagram predicts the 
formation of a Nd + Nd5Fe17 eutectic along with primary Nd grains [47]. Nd5Fe17 forms only 
after long annealing of eutectic compositions at a temperature above 873 K [16]. This implies 
that both eutectics, i.e., Nd + A1 and Nd + Nd2Fe17 are metastable in a thermodynamic sense. 
Therefore, a complete description of the sequence of phase formation under different cooling 
conditions is highly complex.  
 
Nd-TM-Al alloys 
Nd-TM-Al alloys show a good glass-forming ability around the composition Nd60TM30Al10. 
The glass-forming ability is higher when TM is either Co, Ni or a combination of them but 
these alloys show paramagnetic behavior at room temperature [79]. On the other hand, the 
alloys with Fe form an inhomogeneous microstructure but show a room temperature 
coercivity of 0.4-0.5 T [63]. The magnetic properties, i.e., coercivity, remanence and Curie 
temperatures, of as-cast Nd-Fe-Al alloys are similar to those of as-cast Nd-Fe hypereutectic 
alloys. The similar magnetic behavior strongly suggests a common link between as-cast Nd-
Fe-Al and Nd-Fe alloys. Two ternary Nd-Fe-Al phases, δ and µ have been identified. The δ 
phase is tetragonal and antiferromagnetic with a Néel temperature of 240 K while the µ phase 
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is ferromagnetic with a Curie temperature of 518 K. The µ phase exhibits a complex crystal 
structure, which is not yet clearly established. It is assumed that the µ phase is a derivative of 
the binary Nd5Fe17 phase. 
 
2.5.4  Preparation methods  
As discussed in previous sections the phase selection, microstructure and the resulting 
magnetic properties in Nd-Fe and Nd-Fe-Al alloys depend crucially on the preparation 
technique. Arc-melting, copper mold casting and melt spinning are commonly employed to 
prepare crystalline as well as amorphous specimens [144]. In some cases mechanical alloying 
has also been used to synthesize the nanocrystalline and amorphous powders [145, 146]. 
However, for the present Nd-based multicomponent alloys mechanical alloying does not 
produce the desired metastable phases and microstructure [147]. Therefore, copper mold 
casting was extensively employed for the preparation of Nd-Fe and Nd-TM-Al alloys. A 
fundamental advantage of mold casting is that it permits alloys to be shaped with a minimum 
effort since the melt offers very little resistance to shear stresses and high coercivities are 
obtained in the as-cast state without any special treatment such as sintering. The use of the 
casting route, however, poses its own problems. One of these problems is the gradient in 
cooling rate leading to a local variation in microstructure and composition. This can lead to a 
resultant variation in the microstructure-dependent properties like the coercivity in magnetic 
materials. Thus, it is important to understand these factors influencing the microstructure. 
Upon casting the most important parameter is the cooling rate that dictates the final 
microstructure. A higher cooling rate results in a finer microstructure, which is usually 
observed near to the surface of the mold. The cooling rate depends on sample dimensions, 
geometry, and the composition of the materials. Every solidification process involves the 
extraction of heat from the melt in a more or less controlled manner. Without heat extraction 
there is no solidification. The melt must be cooled to the solidification temperature and then 
the latent heat of solidification appearing at the growing solid/liquid interface must be 
extracted. There are several methods of heat extraction. In die-casting the melt is injected into 
the mold with the desired cavity shape. In this case the microstrcuture is no longer uniform 
along the specimen length because the temperature gradient decreases as the distance from the 
walls of the mold increases. Several modified die-casting processes (e.g., suction casting, 
centrifugal casting) have been employed to prepare bulk amorphous samples [81]. Typical 
cooling rates obtained in the die-casting experiments are in the range of 75-200 K/s depending 
on sample dimensions and alloy composition [148]. The other widely used method to prepare 
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amorphous metallic materials is melt spinning, where the melt is ejected onto the surface of a 
rotating copper wheel. This method produces amorphous samples in the form of thin ribbons 
with a typical thickness less of than 100 µm. Cooling rates as high as 106 K/s can be achieved 
and can be varied by changing the speed of the wheel [149].  
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3.  Experimental techniques 
 
3.1  Sample preparation 
The present work mainly deals with rapidly solidified alloys in the RE-TM and RE-TM-Al 
systems (RE = Nd, Dy, Y; TM = Fe, Co). High purity elements Nd (99.9 wt.%, supplier: 
MaTeck GmbH, Jülich), Fe and Co (99.99 wt.%, supplier: GoodFellow Ltd. Cambridge), and 
Al (99.99 wt.%, supplier: Alu-Werke Bitterfeld) were used as starting materials. The pre-
alloyed ingots were prepared by Mr. M. Frey and Mr. H. Schulz by mixing the appropriate 
weights of each chemical constituent, in the form of small lumps, for the desired atomic 
composition. The lumps were mechanically cleaned to remove the surface oxide layer. The 
elements were melted in an arc-melting furnace (Edmund Bühler D-72411, Johana Otto 
GmbH) under an argon (99.999 wt.%) pressure of 6×104 Pa. The ingots were crushed and 
remelted 3 times to ensure homogeneity. The mass of such a pre-alloyed ingot was typically 
in the range of 20-30 g. The pre-alloyed ingots were used as precursor materials for further 
sample preparation. In order to obtain a variety of stable and metastable phases, non-
equilibrium cooling from the melt was considered essential. Several different techniques like 
melt spinning and mold casting were utilized to employ a wide range of cooling rates. 
 
3.1.1  Melt spinning 
Melt spinning is widely used for the amorphization of metallic materials. It essentially 
involves the ejection of a molten alloy onto a metallic wheel rotating at a high speed. In most 
of the cases a copper wheel is used due to its high thermal conductivity. A melt spinning 
equipment (Edmund Bühler D-7400) was used to fabricate the ribbon samples in the present 
study. A piece (5-7 g) of pre-alloyed ingot was placed in a quartz tube, which has a 
rectangular slit (length = 4.5 mm and breadth = 1.2 mm) at one end to obtain ribbons 2-3 mm 
wide. The tube was mounted on a Z-translator that enables the positioning of the tube relative 
to the copper wheel. The distance between the tube orifice and the wheel was fixed at 1 mm. 
The platform where the quartz tube was mounted is provided by an optical mirror in the upper 
part, which is used to monitor the temperature by means of an optical pyrometer. The upper 
part of the tube was attached with an argon gas pressure reservoir to eject the molten alloy out 
of the tube. This reservoir was filled with pure argon to 6×104 Pa. A copper tube containing 
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flowing water was used as a heating coil. The whole unit was enclosed in a chamber 
connected with vacuum pumps and an argon inlet. The chamber was evacuated to 10-3 Pa and 
rinsed with argon two times and finally filled with argon to 3×104 Pa. The surface of the 
copper wheel was cleaned with a fine 1200 grit SiC abrasive paper before each experiment to 
obtain a smooth ribbon surface. Different wheel speeds in the range of 10-20 m/s were used to 
optimize the parameters. High cooling rates of typically 105-106 K/s are achieved in melt 
spinning experiments [149]. The gradient in the cooling rate along the thickness of the ribbons 
was not considered in the present study. 
 
3.1.2  Copper mold casting 
The high cooling rates employed in melt spinning limit the sample size to thin metal films or 
sheets of about 50 µm thickness. These specimens are difficult to be used for a large number 
of experiments, which require relatively bulk samples. Bulk nanocrystalline and amorphous 
samples are usually prepared by mold casting. The basis of all casting processes is the feeding 
of molten metals or alloys into a cavity of the required shape and dimensions in a mold, 
followed by cooling at a specific cooling rate. The copper molds are used due to their good 
thermal conductivity to ensure homogeneous heat flow from the cavity. Bulk mold-cast 
samples were prepared with the help of Mr. S. Kuszinski. The copper mold casting unit used 
in the present study was similar to the melt spinning unit (Edmund Bühler D-7400), the 
copper wheel was replaced by a copper mold with cavities of different diameters (3, 5, 7 mm). 
The quartz tube with a round orifice (1 mm diameter) at the bottom was used for the copper 
mold casting experiments. A quartz tube containing a pre-alloyed ingot of 5-7 g was mounted 
into the vacuum chamber. The chamber was evacuated to 10-3 Pa and rinsed with argon two 
times and finally filled with argon to 3×104 Pa. The alloys were heated to a temperature of 
200 K higher than their liquidus temperature. The liquidus temperature for the present alloys 
was in the range of 890-1080 K. Upon melting, the valve connecting the pressure reservoir 
and the main chamber was opened. The argon flow from the reservoir at higher pressure 
(6×104 Pa) to the chamber at lower pressure (3×104 Pa) through the quartz tube ejects the 
molten sample into the mold cavity. The cooling rate achieved in such experiments is usually 
non-uniform along the length and the diameter of the specimen.  
 
Cooling rate 
The cooling rate obtained by copper mold casting primarily depends on the geometry of the 
mold. Cooling rates are measured both directly and indirectly [150]. Direct measurements 
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involve temperature measurements using thermoelectric or pyrometric methods. However, 
uncertainties are implicit in the calculation of cooling rates because of the poor accuracy of 
the temperature measurement and its local fluctuations. Indirect measurements of the cooling 
rate are usually performed by determining its value from the various microstructural features 
such as the dendrite arm spacing [151, 152]. In these methods, the microstructure-cooling rate 
correlations at low cooling rate are assumed to remain valid at higher cooling rates. Despite 
the accuracy criteria, these methods are widely used in measuring the local average cooling 
rate [150-152]. Srivastava et al. calculated the maximum cooling rates of 225 and 85 K/s for 
the Al67Cu33 mold-cast rods of 3 and 5 mm diameter, respectively [148]. However, the 
cooling rate is not homogeneous and varies along the length and the diameter of the specimen. 
Figure 3.1 shows a typical shape of a mold-cast specimen. It was observed that the cooling 
rate increases from the top towards the bottom of the rod [148]. The cooling rate also varies 
along the diameter of the rod. It is higher in the outer core of the rod due to good contact 
between the melt and the mold. To avoid the effect of the gradient in cooling rate along the 
length of the sample, all the samples were cut from the same positions, 5 mm from the bottom 
(illustrated in Fig. 3.1a), for structural and other investigations.   
 
 
 
 
 
Figure 3.1: Schematic picture of a mold-cast rod (a) and a conical specimen (b) 
illustrating that the cooling rate increases from the top towards the bottom. Pieces cut at 5 
mm from the bottom were used for the investigations.  
 
The aim of the present study was to evaluate the solidification microstructure as a function of 
cooling rate in Nd-Fe alloys with compositions around the eutectic region. For this purpose, 
Nd80Fe20 alloys were mold-cast in form of rods with 3, 5, and 7 mm diameter and 40 mm 
length. The cooling rate for these rod specimens was estimated by measuring the dendrite arm 
spacing for the Al-Cu eutectic alloys used as model alloy system [148]. The cooling rate also 
depends on the thermal conductivity in addition to the specimen dimensions. The thermal 
(a) (b) 
Experimental techniques 
 
35
conductivity of the Nd-rich Nd80Fe20 alloy can be approximated by the thermal conductivity 
of pure Nd (0.165 W/cm K), which is much smaller than the thermal conductivity of either Al 
(2.37 W/cm K) or Cu (4 W/cm K). Therefore, the cooling rates estimated for Nd80Fe20 alloys 
using the Al-Cu eutectic model are overestimated and the true cooling rates should be much 
smaller. However, this error is the same for all the mold-cast samples with different diameters 
and does not affect the general trend of a decreasing cooling rate with an increasing sample 
diameter. The maximum available sample diameter in the copper mold was 7 mm and, 
therefore, to further decrease the cooling rate, the specimens were cooled in a conical copper 
mold under controlled heating by simultaneously monitoring the temperature with a 
pyrometer. The temperature as a function of time was recorded from 1100 to 773 K, below 
which the samples are solid. The dimensions of the conical specimens are illustrated in Fig 
3.1b. The estimated average cooling rates for 3, 5, and 7 mm diameter mold-cast and conical 
Nd80Fe20 samples are listed in Table 3.1. 
 
Table 3.1: Variation in cooling rate as a function of sample geometry for Nd80Fe20 alloys. 
The cooling rate values for rod specimens are approximate values measured using the 
Al67Cu33 eutectic as a model system [148]. The cooling rate for the conical specimens 
was calculated by measuring the sample temperature from 1100 to 773 K. 
Sample geometry Average cooling rate (K/s) 
Melt-spun ribbon 
Rod (φ = 3 mm) 
> 103 
~ 150 
Rod (φ = 5 mm) ~ 100  
Rod (φ = 7 mm) ~ 75 
Conical (bottom) ~ 50  
Conical (top) ~ 25 
 
3.2  Materials characterization 
The samples prepared by the different methods were characterized using several analytical 
techniques. The structural characterization was carried out using x-ray Diffraction (XRD), 
metallographic studies, and scanning electron microscopy (SEM) combined with energy-
dispersive x-ray (EDX) spectroscopy for composition analysis. Transmission electron 
microscopy (TEM) was used to identify the crystal structure of the different phases present in 
small fractions, which were not resolved by XRD. The thermal stability and the crystallization 
behavior were investigated by differential scanning calorimetry (DSC). The samples were 
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annealed above the transition temperatures recorded in the DSC curves and subsequently 
analyzed by phase characterization methods. The magnetic properties of as-prepared and 
annealed samples were measured using a vibrating sample magnetometer (VSM) and a 
superconducting quantum interference device (SQUID) magnetometer to understand the 
microstructure-magnetic property relationships. 
 
3.2.1  Phase analysis 
X-ray diffraction 
X-ray diffraction was used to check the amorphicity of the specimens and for phase 
identification of partially crystalline specimens. In the case of mold-cast rods, the specimens 
were cut into discs of 1 mm thickness using a diamond saw and the cross-sections of the discs 
were examined by XRD. These discs were mounted on a plastic sample holder using glue. For 
the melt-spun samples, 10 mm long 4-5 pieces of the ribbons were stacked on a plastic sample 
holder. However, the pre-alloyed ingots composed of coarse crystals were typically very 
brittle and it was most convenient to crush them into a fine powder using a clean mortar and 
pestle. The powder was subsequently mounted on a plastic sample holder using glue. The 
measurements (θ-2θ scans) were carried out using a Philips PW 1050 diffractometer with 
&R. UDGLDWLRQ  = 0.1788 nm). A step size ∆2θ = 0.05 o and a counting time of 20 s per 
point were used for the scans. The phase identification from the XRD patterns was performed 
with the help of Dr. N. Mattern and Dr. B. Schüpp by matching the patterns with the standard 
diffraction patterns in the PDF (Powder-Diffraction-File) database. In some cases, the powder 
diffraction patterns were simulated using the POWDER CELL for comparison. 
 
Metallography 
Optical microscopy was used for observing the microstructure of as-cast and annealed 
specimens. A ZEISS JENAPOL polaroid optical microscope was employed to reveal the 
microscopic features as well as for observing magnetic domains. This technique takes 
advantage of the ability of some specimens to be optically active. Same pieces of the samples 
after the XRD measurements were embedded in a mixture of epoxy, hardener, and carbon 
powder. The mirror-smooth specimens for metallographic studies were prepared by grinding 
with SiC abrasive papers followed by fine polishing with Alumina slurry. The samples for 
metallographic studies were prepared with the help of Mrs. S. Schinnerling and Mrs. S. 
Müller-Litvanyi. 
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Scanning electron microscopy 
The samples used for optical microscopy were also examined by SEM to reveal fine 
microstructural details and to identify the different phases using EDX analysis. The SEM 
investigations were performed by Dr. A. Güth, Mrs. K. Berger, and Mrs. B. Bartusch using a 
JEOL 6400 microscope and a LEO982 field emission scanning electron microscope combined 
with a NORAN EDX spectrometer. Both secondary electron (SE) and back-scattered electron 
(BSE) imaging modes were used to yield topographic and compositional information about 
the specimen.  
 
Transmission electron microscopy 
To further characterize the microstructure with higher spatial resolution, some selected 
samples were studied by TEM. A TEM instrument equipped with a selected area diffraction 
(SAD) facility was employed to identify the crystal structure of the crystalline phases. The 
TEM studies were performed by Mrs. C. Mickel and Dr. J. Thomas. Conventional TEM 
studies were carried out using a JEOL 2000FX microscope operated at 200 kV. High-
resolution TEM studies were performed using a Tecnai F30 instrument operated at 300 kV. 
The TEM samples were prepared by Mrs. H. Kempe and Mrs. G. Scheider. The sample were 
ground to a thickness of about 200 µm using 800 and 1200 grit SiC papers. This was followed 
E\GLPSOLQJ*$7$1GLPSOHUVRDVWRDFKLHYHDWKLFNQHVVRIDERXW PDWWKHFHQWHURI
the disc. Final thinning was performed in a GATAN precision ion polishing system (PIPS, 
operated at 4-5 kV with an angle of 2-4°) in an argon atmosphere.  
 
Annealing 
The thermal stability of the phases was studied by annealing the as-prepared samples at 
different temperatures for different time intervals. For this purpose, bulk samples were sealed 
in a quartz tube under an argon pressure of 5×104 Pa after subsequent evacuation up to 5×10-2 
Pa, and annealed in a resistive furnace at the desired temperatures. The annealed samples 
were examined by XRD and metallographic techniques. 
 
3.2.2  Differential scanning calorimetry  
Thermal analysis was carried out using a Perkin-Elmer DSC-7 instrument, equipped with a 
water-cooled furnace head up to 873 K. Alumina DSC pans were used in the present study. 
The calorimeter was calibrated for a heating rate of 20 K/min, since the glass transition 
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temperature of the amorphous samples could be seen clearly at this heating rate. For both 
isothermal and constant heating-rate runs, a sample mass of 20-30 mg was used. The samples 
were either thin slices cut from the mold-cast rods or crushed powders of pre-alloyed ingots 
and melt-spun ribbons. Particular attention was paid to sample flatness to ensure good contact 
with the pan surface. 
 
A Netzsch DSC-404 calorimeter was used for high temperature (up to 1473 K) experiments to 
determine the melting and the liquidus temperatures of pre-alloyed ingots. The accurate 
determination of liquidus temperatures is a crucial factor to perform casting experiments, 
where it is necessary to overheat the ingots above their liquidus temperatures. All the DSC 
experiments were carried out under an argon atmosphere. The glass transition temperature 
(Tg) and the crystallization temperature (Tx) were taken as the onsets of the transformation 
determined by the intersection of the tangents. However, the liquidus temperature (Tl) was 
taken as the offset temperature of the melting event.  
 
3.2.3  Magnetic measurements 
The magnetic measurements were performed using a SQUID magnetometer (Quantum 
Design MPMS-5S), a VSM (LakeShore 765-VSM), and a Faraday magnetic balance. The 
Curie temperature was determined as an inflection point in the plots of square of the 
magnetization versus temperature. Room temperature measurements were performed using a 
VSM with a maximum applied field of 1.8 T. The low temperature measurements are carried 
out in a SQUID magnetometer, which can generate a maximum field of 5 T. The AC 
susceptibility was measured by Dr. K. Nenkov form 4.2 to 300 K in a driving AC field of  
10-4 T with a frequency of 133 Hz using a Lakeshore 7000 Series susceptometer. Some of the 
samples were measured in a pulse-field magnetometer up to a field of 40 T. The pulse-field 
measurements were performed by Mr. P. Kerschl.  
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4.   As-cast and annealed Nd-Fe binary alloys 
This chapter is devoted to the structural and magnetic properties of as-cast and annealed Nd-
Fe binary alloys. All the compositions are given in at.% of Nd followed by Fe in at.% and the 
description of the alloy composition, i.e., whether it is hypo- or hypereutectic is based on the 
Fe-Nd binary phase diagrams (Fig. 2.5). For example, Nd80Fe20 is denoted as a hypereutectic 
alloy. It is reported that the phase selection in Nd-Fe alloys is very sensitive to the 
composition and the cooling rate [44-47]. Firstly, three different compositions, Nd100-xFex  
(x = 20, 25, 40) ranging from hyper- to hypoeutectic prepared by copper mold casting were 
investigated to find out the eutectic composition and to identify the eutectic phases. Secondly, 
to study the effect of the cooling rate on the phase selection, Nd80Fe20 (hypereutectic) alloys 
were prepared at different cooling rates in the range of 5-150 K/s. The selection of the 
Nd80Fe20 alloy was made on the basis of previous investigations, which showed that as-cast 
Nd80Fe20 contains only one magnetic phase, A1, and exhibits a room temperature coercivity of 
about 0.5 T [16, 19, 47]. It is also known that the A1 phase is metastable and transforms into 
Nd5Fe17 after annealing at 873 K [16]. Therefore, it is essential to investigate the range of 
cooling rate under which the A1 phase forms. The cooling rate was varied by changing the 
sample diameter. The estimated cooling rates for the specimens with different geometries are 
listed in Table 3.1. The as-cast alloys were subsequently annealed at different temperatures to 
clarify the stable or metastable nature of the as-cast structure.  
 
The chapter is divided into three main sections. The first section attempts to clarify the 
sequence of phase formation in as-cast Nd-Fe samples prepared at different cooling rates and 
annealed samples. The second section presents the magnetic properties of as-cast Nd-Fe and 
annealed samples. In the third section results of other RE-TM (RE = Nd, Dy, TM = Fe, Co) 
alloys are presented. A summary of the results is given at the end of the chapter. 
 
4.1  Phase analysis 
This section deals with the phase identification and microstructure characterization of as-cast 
and annealed Nd-Fe alloys by x-ray diffraction supplemented by metallographic and various 
other analytical techniques. The XRD patterns were identified by matching the observed 
patterns with the standard powder diffraction files (PDF) database.      
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4.1.1 X-ray diffraction 
As-cast samples 
Figure 4.1 shows the XRD patterns of Nd100-xFex (20 ≤ x ≤ 40) mold-cast alloys prepared 
under identical conditions (i.e., same rod diameter and casting conditions). The hypoeutectic 
alloy with x = 40 displays diffraction peaks corresponding to dhcp Nd, Nd2Fe17, and fcc Nd-
rich phase with a lattice constant of 0.547 nm. The fcc phase is reported to be a Nd-rich Nd-Fe 
solid solution [118]. However, in the XRD patterns of x = 25, 20 alloys only Nd (dhcp + fcc) 
peaks are observed. There are two observations to be noted from these XRD patterns. First, 
according to the revised Nd-Fe binary phase diagram (Fig. 2.5b), an eutectic of Nd + Nd5Fe17 
is expected to form along with primary crystallites of Nd5Fe17 (for the x = 40) or Nd (for the x 
= 20). However, the observed XRD patterns show no indications for the formation of 
Nd5Fe17. This implies that either the formation of Nd5Fe17 is suppressed due to non-
equilibrium cooling conditions or the fraction of the Nd5Fe17 phase is below the detection 
limit (12 vol.%) of XRD. According to the Nd-Fe phase diagram (Fig. 2.5b), the expected 
amount of Nd5Fe17 is about 26 vol.% for the Nd80Fe20 alloy, which is well above the detection 
limit of XRD. It has been reported that the Nd5Fe17 phase is usually not formed in as-cast Nd-
Fe alloys due to its slow formation kinetics by the peritectic reaction between Nd-rich liquid 
and Nd2Fe17 phase [47]. Therefore, the first indication from the XRD patterns is that the 
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Figure 4.1: XRD patterns of Nd80Fe20, Nd75Fe25, and Nd60Fe40 mold-cast rods (cooled at 
150 K/s). Nd80Fe20 shows Nd-peaks while Nd75Fe25 and Nd60Fe40 show peaks from dhcp 
Nd, Nd2Fe17, and fcc Nd-rich phase with a lattice constant of 0.547 nm. 
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eutectic in mold-cast Nd-Fe alloys is not Nd + Nd5Fe17. The second feature of the XRD 
patterns of as-cast Nd80Fe20 and Nd75Fe25 specimens is the absence of diffraction peaks 
corresponding to any known Nd-Fe intermetallic phase. This implies that Fe is either 
dissolved in fcc-Nd or present in a separate (nanocrystalline or amorphous) phase, which 
cannot be resolved by x-ray diffraction. The solid solubility of Fe in dhcp Nd at room 
temperature is only 0.2 at.%, which rules out the possibility of dissolution of 20 at.% Fe in 
dhcp Nd [46]. However, the fcc allotrope of Nd can accommodate as much as 25 at.% Fe 
[118].  
 
For studying the effect of the cooling rate, Nd80Fe20 alloys were prepared at different cooling 
rates ≈ 150, 100, 50, 25 K/s and analyzed by XRD (Fig. 4.2). The samples cooled at ≥ 50 K/s 
show diffraction peaks of dhcp Nd and fcc Nd-rich phase. On the other hand, the samples 
cooled at ≈ 25 K/s exhibit distinct Nd2Fe17 peaks in addition to the peaks of dhcp Nd and fcc 
Nd-rich phase. Not any sample shows peaks of the hexagonal Nd5Fe17 phase in the as-cast 
state. These results clearly define the range of cooling rates for the formation of the Nd2Fe17 
phase in hypereutectic Nd80Fe20 alloys. The XRD patterns for the Nd80Fe20 mold-cast alloys 
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Figure 4.2: XRD patterns of Nd80Fe20 alloys cooled at ≈150, 100, 50, and 25 K/s. The 
samples cooled at a rate ≥ 50 K/s show the peaks of dhcp-Nd and a fcc phase, whereas the 
specimen cooled at 25 K/s shows the additional peaks of Nd2Fe17 phase. 
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prepared at different cooling rates can be summarized as: 
1. dhcp Nd, rhombohedral Nd2Fe17, and fcc Nd-rich peaks if the cooling rate is ≤ 25 K/s. 
2. dhcp Nd and fcc Nd-rich peaks with no indications for any Nd-Fe intermetallic phase 
if the cooling rate is ≥ 50 K/s. 
 
Annealed samples     
To study the effect of heat treatment the Nd80Fe20 mold-cast rods were annealed at different 
temperatures for different time intervals. The annealing was performed by sealing the 
specimens in quartz tubes under an argon pressure of 5×104 Pa. After heat treatment, the 
samples were rapidly cooled to room temperature to retain the structure. Figure 4.3 shows the 
XRD patterns for the Nd80Fe20 mold-cast rod of 3 mm diameter (cooled at 150 K/s) in the as-
cast state and after annealing at: 773 K for 10 h, and 873 K for 2 and 24 h. After annealing at 
773 K for 10 h weak but detectable diffraction peaks of the Nd2Fe17 appear in addition to the 
dhcp and fcc Nd peaks. The annealing at 873 K for 2 and 24 h significantly changes the XRD 
patterns of the as-cast specimens. It can be immediately deduced from the XRD patterns of 
the annealed specimens (Fig. 4.3) that the as-cast metastable structure first transforms 
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Figure 4.3: XRD patterns of Nd80Fe20 rod of 3 mm diameter, in the as-cast state and after 
annealing: at 773 K (10 h), 873 K (2 h), and 873 K (24 h). After annealing at 773 K, 
small reflection of the Nd2Fe17 phase are observed, which become more prominent after 
annealing at 873 K for 2 h. With further increasing annealing time from 2 to 24 h at 873 
K formation of the Nd5Fe17 phase is revealed by the XRD patterns. 
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into another metastable structure of Nd + Nd2Fe17 in the temperature range of 773-873 K, 
which eventually transforms into the equilibrium Nd + Nd5Fe17 phase mixture after long  
(24 h) annealing at 873 K. It has been reported that in Fe-rich Nd-Fe alloys the transformation 
from Nd2Fe17 to Nd5Fe17 is incomplete even after 30 days annealing at 873 K [16, 47, 49].  
 
4.1.2  Microstructural characterization 
The Nd-Fe solidification microstructures are diverse and depend primarily on the alloy 
composition and the cooling rate [45, 47]. Two eutectic morphologies have been observed by 
Landgraf et al. in Nd-Fe alloys with a Nd content higher than 30 at.%, depending on 
composition and cooling rate [47]. These two morphologies shown in Fig. 4.4 are identified 
as: (a) a broken lamellar eutectic of Nd (gray) + Nd2Fe17 (white) at very low cooling rates of 
about 0.02 K/s and (b) a very fine fibrous eutectic of Nd (gray) + metastable A1 (white) in arc-
melted and mold-cast samples prepared at higher cooling rates. 
 
  
Figure 4.4: Microstructure of Nd-Fe alloys; (a) Nd65Fe35 cooled at 0.02 K/s, showing a 
platelet of Nd2Fe17 surrounded by a Nd halo and broken lamellar eutectic Nd + Nd2Fe17. 
(b) an arc-melted Nd80Fe20 alloy, showing a fine fibrous eutectic of Nd + A1 and primary 
Nd grains (taken from [47]).  
 
As-cast and annealed Nd80Fe20 alloys 
Figure 4.5a shows an optical micrograph from the cross-section of a Nd80Fe20 sample cooled 
at ≈ 150 K/s (mold-cast rod of 3 mm diameter). Two notable features observed in the 
micrograph are the gray equiaxed Nd grains and the eutectic (E). The eutectic morphology 
can be clearly discerned in the back-scattered SEM micrograph shown in Fig. 4.5b. The 
eutectic lamellae are irregular and discontinuous along the cross-section of the specimen. The 
size of the eutectic lamellae and, hence, the interlamellar spacing varies from one region to 
the other. This inhomogeneous microstructure suggests the presence of non-uniform heat flow 
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and local cooling rates. According to the eutectic growth theories, the interlamellae spacing is 
constant for a given growth rate [153]. However, if the growth rate increases, one would 
expect the interlamellae spacing to reduce by the formation of the new lamellae. The EDX 
analysis identifies the primary grains as Nd crystallites. The volume fraction of primary Nd 
crystallites is estimated to be about 57 %. This is much higher than the expected value of 
about 12 vol.% from the Nd-Fe phase diagram. This discrepancy is due to the fact that some 
of the eutectic Nd has submerged with the primary Nd crystallites. The size of the eutectic 
lamellae is smaller than 1 µm and, therefore, their composition could not be determined with  
 
 
 
Figure 4.5: Microstructure of Nd80Fe20 cooled at ≈150 K/s (mold-cast rod of 3 mm 
diameter) observed by:  (a) optical microscopy and (b) SEM under back-scattered mode. 
Micrographs show fibrous eutectic (E) of Nd + A1 along with primary Nd grains. 
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accuracy. A line-scan along the eutectic region shows that the Fe-content is higher in the 
bright region than in the gray one (Fig. 4.5b). This type of eutectic structure observed in the 
Nd-Fe alloys is referred to as Nd + A1 [47].  
 
Figure 4.6a shows an optical micrograph taken from the cross-section of a Nd80Fe20 alloy 
cooled at ≈ 100 K/s (mold-cast rod of 5 mm diameter). The microstructure exhibits primary 
Nd crystallites coexisting with an eutectic (marked as E). In this case the primary Nd 
crystallites are coarser (> 5 µm) than in the case of the 3 mm diameter rod (< 5 µm) but there 
 
 
 
Figure 4.6: Microstructure of Nd80Fe20 cooled at ≈ 100 K/s (mold-cast rod of 5 mm 
diameter) observed by:  (a) optical microscopy and (b) SEM (back-scattered mode). The 
micrographs show a fibrous eutectic of Nd + A1 (E, Ea, and Eb) and primary Nd grains. 
Additional Nd2Fe17 grains are also observed. 
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is no remarkable change in the size of the eutectic lamellae. In addition to the primary Nd 
crystallites, Nd2Fe17 grains with non-eutectic morphology are observed, which could not be 
resolved in the corresponding XRD patterns due to their small volume fraction (≈ 2 %). The 
formation of these Nd2Fe17 grains is due to the partial transformation of the metastable A1 
phase into Nd2Fe17 during casting. Figure 4.6b shows a high magnification back-scattered 
SEM image of the eutectic region. The eutectic lamellae are inhomogeneous and their size 
varies from one region to the other. In the eutectic region Ea the eutectic lamellae are coarser 
than in the region Eb. The dark lamellae contain more Nd than the bright ones. This kind of 
diffuse eutectic-like structure, known as degenerated structure has often been observed in Al-
Cu eutectic alloys, where the eutectic is skewed due to the limited growth of a faceted phase 
[153]. The EDX analysis gives compositions of Nd95Fe5 and Nd65Fe35 for the dark and the 
bright lamellae, respectively. The dark lamellae are Nd-rich solid solution but the 
stoichiometry of the bright lamellae does not account for any known Nd-Fe phase. These Fe-
containing lamellae are referred to as A1, which are metastable and transform into an 
intermediate Nd2Fe17 phase after annealing above 773 K (Fig. 4.3) and subsequently into the 
stable Nd5Fe17 phase after long (24 h) annealing at 873 K. There is a large variation in the 
composition of the A1 reported by different groups, particularly because of its fine 
morphology [15, 16, 19, 20]. 
 
Figure 4.7a shows the microstructure of a Nd80Fe20 specimen cooled at ≈ 75 K/s (mold-cast 
rod of 7 mm diameter). The microstructure consists of eutectic-like Nd + A1 (E), primary Nd 
crystallites, and Nd2Fe17 crystallites. It can be clearly seen in the optical micrograph that the 
size and the fraction of the Nd2Fe17 crystallites is higher in the specimens cooled at ≈ 75 K/s 
than for a sample cooled at ≈ 100 K/s. However, the composition of the eutectic (Nd78Fe22) 
remains fairly constant with decreasing cooling rate from 150 to 75 K/s. Figure 4.7b shows 
the microstructure of a Nd80Fe20 specimen cooled at ≈ 50 K/s. The micrograph displays 
fibrous eutectic E (Nd + A1) and Nd2Fe17 lamellae embedded in a Nd matrix. The formation 
of Nd2Fe17 crystallites (Fig. 4.7a) results from the transformation of the metastable A1 phase 
due to long time exposure to a temperature higher than 773 K. 
 
With further decreasing the cooling rate from 50 to 25 K/s the fraction of Nd2Fe17 lamellae 
increases (Fig. 4.8a). In addition to the Nd2Fe17 lamellae, few randomly distributed coarse 
Nd2Fe17 grains are also observed. The formation of these coarse Nd2Fe17 grains is either due 
to the transformation of the metastable A1 phase or due to composition fluctuations in the melt  
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Figure 4.7: Microstructure of Nd80Fe20 cooled at (a) ≈ 75 K/s (mold-cast rod of 7 mm 
diameter), and (b) ≈ 50 K/s. The sample cooled at 75 K/s shows a fibrous eutectic of Nd + 
A1 (E) and primary Nd crystallites. The sample cooled at 50 K/s shows a fibrous eutectic 
E (Nd + A1) and Nd2Fe17 lamellae embedded in a Nd matrix. 
 
prior to reaching the eutectic reaction. The formation of primary Nd crystallites might change 
the melt composition form hypereutectic to hypoeutectic resulting in the formation of Nd2Fe17 
crystallites as a primary phase. Moreover, the Nd2Fe17 crystallites are always observed in the 
close vicinity of primary Nd crystallites what supports the possibility of local composition 
fluctuations. 
 
Figure 4.8b shows the microstructure of Nd80Fe20 cooled at ≈ 5 K/s in a quartz tube. The 
micrograph displays two features different from the alloys prepared at higher cooling rates. 
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Firstly, the sample does not show a fibrous eutectic of Nd + A1 as observed in the mold-cast 
specimens cooled at higher cooling rates. Secondly, the sample shows a feathery eutectic in 
addition to the Nd2Fe17 lamellae. This feathery eutectic is similar to that obtained by Landgraf 
et al. in Nd65Fe35 cooled at 0.03 K/s [47] but in our case the cooling rate is much higher. The 
composition analysis shows the presence of 5 at.% oxygen in the regions with feathery 
eutectic. Apart from the feathery eutectic, the primary Nd crystallites cannot be distinguished 
from the eutectic Nd because they form a continuous Nd matrix.  
 
 
 
Figure 4.8: Microstructure of Nd80Fe20 cooled at (a) ≈ 25 K/s, and (b) ≈ 5 K/s. The 
sample cooled at 25 K/s shows a fibrous eutectic E (Nd + A1) and Nd2Fe17 lamellae. The 
sample cooled at 5 K/s displays a feathery eutectic E (Nd + ε) and Nd2Fe17 lamellae 
embedded in a Nd matrix. 
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Figure 4.9 shows the microstructure of a Nd80Fe20 mold-cast rod of 3 mm diameter in the as-
cast state and after annealing at 773 K for 10 h. The evolution of the microstructure upon 
annealing is remarkable. The two notable changes in the microstructure after heat treatment 
are the decrease in the volume fraction of the fibrous eutectic (Nd + A1) and the formation of 
Nd2Fe17 crystallites (≈ 10 vol.%). To study the effect of long time high temperature annealing, 
Nd80Fe20 rods of 3 mm diameter are annealed at 873 K for 2 h and 24 h. Figure 4.10 compares 
the microstructures of these heat-treated samples. Figure 4.10a clearly reveals that the fibrous 
eutectic region is completely destroyed by precipitation of the Nd2Fe17 phase. The 
corresponding microstructure mainly consists of randomly distributed Nd2Fe17 grains 
embedded in a Nd matrix. The primary Nd crystallites seem to have been dissolved and 
  
 
 
Figure 4.9: Microstructure of Nd80Fe20 mold-cast rods  (3 mm diameter): (a) as-cast, and 
(b) after annealing at 773 K for 10 h. The as-cast sample shows a fibrous eutectic of Nd + 
A1 (E) and primary Nd crystallites. The annealed sample reveals precipitation of the Nd2Fe17 
phase. 
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merged with the eutectic Nd during 2 h annealing at 873 K. The volume fractions of the Nd 
matrix and the Nd2Fe17 crystallites are approximated to be 84 % and 16 %, respectively. On 
the other hand, upon long time heat treatment at 873 K a completely different microstructure 
evolves. Figure 4.10b shows the micrograph of the sample after heat treatment at 873 K for 24 
h. White regions with diffuse boundary can be clearly seen in the Nd matrix. The composition 
of the white regions estimated by the EDX analysis is about Nd25Fe75, which is closer to the 
Nd5Fe17 phase. Even after 24 h annealing some remaining Nd2Fe17 grains can be detected. 
  
 
 
Figure 4.10: Microstructure of Nd80Fe20 mold-cast rods (3 mm diameter) after annealing at 
873 K: (a) for 2 h, and (b) for 24 h. The 2 h annealed sample shows Nd2Fe17 grains 
embedded in a Nd matrix. In contrast, the sample annealed for 24 h shows white regions of 
a Nd25Fe75 composition and the Nd matrix. The white regions are assumed to be the result 
of the formation of Nd5Fe17 by a peritectic reaction between Nd2Fe17 and the Nd-rich liquid. 
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It is known that the Nd5Fe17 phase forms by a peritectic reaction: Nd2Fe17 + Nd-rich liquid ' 
Nd5Fe17 [47]. Therefore, the appearance of the white regions in Fig. 4.10b can be correlated to 
the peritectic reaction between Nd2Fe17 and the Nd-rich liquid. Usually, a peritectic reaction 
requires a long time for completion due to a slow diffusion rate in the solid phase [152]. 
These microstructural results combined with the compositional analysis fit well with the 
corresponding XRD studies, which show the formation of the Nd5Fe17 phase after 24 h 
annealing of as-cast Nd80Fe20 specimens at 873 K (Fig. 4.3). 
 
4.1.3  Correlation between cooling rate and phase formation 
According to the Nd-Fe binary phase diagram shown in Fig. 2.5b (chapter 2), a hypereutectic 
alloy Nd80Fe20 will solidify into an eutectic of Nd + Nd5Fe17 accompanied by primary Nd 
crystallites under equilibrium conditions. However, during copper mold casting, which 
employs fast cooling (50-150 K/s), the melt does not follow the equilibrium solidification 
pathway. Some regions tend to become enriched in Fe, other regions in Nd. The formation of 
the Fe-rich Nd5Fe17 and Nd2Fe17 lamellae requires long-range diffusion of Fe atoms. In 
contrary, the formation of the Nd lamellae requires a diffusion of atoms over a shorter 
distance due to the enrichment of the eutectic liquid with Nd. Figure 4.11 shows a high 
magnification image of a typical eutectic structure obtained in the Nd80Fe20 mold-cast rod 
(cooled at 150 K/s). Two regions, Ea (Nd95Fe5) and Eb (Nd65Fe35) can be clearly 
distinguished. The Fe-containing regions Eb are referred to as A1. The solidification of the Nd-
rich regions (Ea) entraps Fe-richer regions (Eb) and hinders the long-range diffusion of Fe 
atoms required for the formation of the Nd2Fe17. This promotes the formation of metastable 
eutectic A1 + Nd-rich solid solution. Since the atomic mobility of Fe and Nd is low at 
temperatures below 773 K [19], during most practical casting processes the alloy solidifies in 
a metastable state before reaching the equilibrium state. However, the hotter regions where 
the atomic mobility is sufficient for long-range diffusion will solidify in a structure composed 
of Nd2Fe17 crystallites embedded in a Nd matrix. This kind of morphology is called 
discontinuous and is usually observed when the fraction of one of the eutectic phases (in the 
present case Nd2Fe17) is very small [153]. Therefore, as-cast Nd-Fe alloys near to the eutectic 
composition always exhibit two eutectic morphologies, i.e., a discontinuous (Nd + Nd2Fe17) 
and a degenerated morphology (Nd or Nd-rich solid solution + A1) due to the limited atomic 
diffusivity below 873 K. With the decrease in cooling rate the Fe-containing regions (Eb) get 
further enriched in iron because the diffusion is a time-dependent phenomenon. This cooling 
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rate dependence of the diffusivity results in a wide spread in composition of the Fe-containing 
regions (A1). Furthermore TEM investigations are carried out to clarify whether the A1 is a 
homogeneous phase or a mixture of phases. The results are presented in the next section. 
   
    
Figure 4.11: High-magnification SEM back-scattered electrons image of metastable 
eutectic Nd-rich + A1 observed in a mold-cast Nd80Fe20 rod of 3 mm (cooled at 150 K/s) 
diameter. Ea is Nd-rich (Nd95Fe5) and Eb is a Fe-containing region termed as A1.  
 
4.1.4   The metastable A1 “phase” 
It is undoubtedly accepted that the Nd100-xFex (x ≤ 25) alloys under moderate cooling 
conditions (> 25 K/s) solidify into a metastable eutectic-like region (Fig. 4.11) along with 
primary crystallites of Nd or Nd2Fe17 depending on the starting composition. The composition 
of the eutectic-like region is close to the nominal Nd-Fe eutectic composition (Nd78Fe22). 
Such an eutectic-like structure contains at least two different phases, which have significantly 
different compositions. However, the size of the individual phases is extremely small 
(< 1 µm) and inhomogeneous that makes them prone to error for composition analysis. 
Therefore, the regions are usually referred to as Nd-rich and Fe-rich based on their relative 
compositions. The Nd-rich regions are often larger than 1 µm and, therefore, the EDX results 
from such regions are less erroneous. These Nd-rich regions are identified as Nd-rich Nd-Fe 
Ea 
Eb 
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solid solution that may contain 1-5 at.% Fe. Two types of a Nd-rich phase, i.e., dhcp (with a 
lattice constant close to elemental Nd) and a fcc Nd-rich phase (with lattice constant 0.53 nm) 
have been reported by Obrucheva et al. [118]. In contrary, the Fe-containing regions, referred 
to as A1 are invariably smaller than 1 µm and, thus, EDX yields different results depending on 
the size of the region being probed. This leads to a wide variation in the composition of the A1 
phase reported by different authors [19, 20]. The A1 phase is metastable and transforms into 
stable intermetallic Nd2Fe17 and Nd5Fe17 upon heat treatment. 
  
In addition, the XRD patterns for the rapidly quenched Nd100-xFex (x ≤ 25) alloys do not show 
separable diffraction peaks corresponding to any Fe-containing phase (Fig. 4.1). This suggests 
that the Fe-containing regions in the Nd100-xFex (x ≤ 25) mold-cast rods are either amorphous 
or composed of nanocrystallites, which cannot be detected by XRD of the bulk samples. 
Several attempts have been made in the past to clarify the structure of the Fe-containing 
regions using neutron diffraction and HRTEM, which showed inconsistent results [19, 20, 
119]. Givord et al. report an amorphous structure for the Fe-containing regions in the as-cast 
Nd100-xFex (x ≤ 25) alloys on the basis of neutron diffraction and TEM studies [19]. However, 
Delamare et al. showed experimentally as well as theoretically that the Fe-containing regions 
in the as-cast Nd100-xFex (x ≤ 25) alloys are further composed of two nanocrystalline phases 
with Nd20Fe80 and Nd40Fe60 compositions, which form due to a dissociation of metastable 
NdFe2 phase [20]. Recently, Menushenkov et al. presented HRTEM images from the heat-
treated Nd-Fe alloys and claimed that the formation of unidentified nanocrystallites is 
responsible for their coercivity [119]. So far, there are only the above-mentioned three reports 
on the structure of the containing regions (A1), which still leave the unresolved question 
whether these regions are amorphous or a mixture of amorphous and nanocrystallites. The 
presence of an amorphous phase in the moderately cooled (mold-cast) Nd-Fe binary alloys is 
most surprising since the formation of an amorphous phase usually requires rapid quenching 
and multiple elements [81]. In order to obtain a more precise understanding of the structure 
and the composition of the Fe-containing regions, the Nd80Fe20 mold-cast rod was studied by 
conventional TEM and HRTEM combined with scanning transmission electron microscopy 
(STEM) and electron energy loss spectroscopy (EELS). 
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TEM studies  
A bright-field TEM image from the eutectic-like region in the Nd80Fe20 mold-cast rod (cooled 
at 150 K/s) is presented in Fig. 4.12a. It shows two distinct features, i.e., Nd grains of an 
average size of 500 nm with a strong diffraction contrast surrounded by an Fe-containing 
layer of an average thickness about 200 nm that shows no diffraction contrast. The Nd-grains 
show a highly deformed surface due to their oxidation during the TEM sample preparation. In 
contrary, the intergranular Fe-containing layers display a smooth surface. The Nd grains can 
be easily identified by using EDX due to their large size. It was clear from the EDX analysis 
that the majority of the Fe is present in the intergranular layers, which are referred to as “A1”. 
However, the EDX results from these intergranular layers show a variation in their 
composition from one point to another because of the contribution of the surrounding Nd 
grains.  
 
             
Figure 4.12: (a) TEM bright-field image of the metastable eutectic of a Nd80Fe20 mold-
cast rod (cooled at 150 K/s) showing two regions, i.e., Nd grains of about 500 nm size and 
Nd-Fe diffuse layers of varying thickness. Corresponding SAED patterns from the Nd and 
the Nd-Fe regions are shown in Fig. 4.12 (b) and (c), respectively. The SAED pattern 
from the Nd grains can be indexed as hexagonal grains. However, the SAED pattern from 
the Nd-Fe regions indicates the presence of a mixture of randomly oriented 
nanocrystallites and an amorphous phase. 
 
Figures 4.12 (b) and (c) show selected area electron diffraction (SAED) patterns from the Nd-
grains and intergranular layers, respectively. The Nd-grains show a distinct crystalline SAED 
pattern, which could be indexed as dhcp Nd crystallites. On the other hand, the SAED pattern 
(a) 
 
 
(b) 
(c) 
Nd 
Nd-Fe 
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from the Fe-containing layers (Fig. 4.12c) shows diffuse rings along with some underlying 
spots. This suggests the coexistence of amorphous and crystalline phases in the Fe-containing 
regions. The spots are not periodic indicating that the crystallites are randomly oriented with 
respect to the electron beam. The underlying spots may also be due to overlapping Nd 
crystallites encountered along the electron beam pathway due to a larger sample thickness.  
 
For a precise composition analysis of the eutectic-like area of the Nd80Fe20 mold-cast rod, line 
scanning, elemental mapping, and energy filtered imaging were performed using EDX and 
EELS in a STEM mode. Figure 4.13 shows a STEM-HAADF (high angle annular dark field) 
image of the eutectic region. Two alternative regions are clearly observed. The white (contrast 
free) region is the Fe-containing phase while the dark region with diffraction contrast is Nd. 
Electron beam was localized at different points (marked in Fig 4.13) and EDX spectra were 
recorded at each point using a dwell time of 30 s. The quantification of composition at these 
points is given in Table 4.1. It shows that the Nd grains show the presence of 1-6 at.% Fe. In 
contrary to this, EDX spectra from the white contrast-free regions reveal a significant 
  
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: STEM-HAADF image of the eutectic-like regions of the Nd80Fe20 mold-cast 
rod (cooled at 150 K/s). Several point are marked, where composition was estimated using 
EDX analysis. The composition at the marked points is tabulated in Table 4.1. It shows 
that the phase with strong diffraction contrast is Nd or Nd-rich (containing Fe < 6 at.%) 
but the contrast-free white regions display an average composition of Nd56Fe44. 
 
Table 4.1: Estimated composition 
at points marked in Fig. 4.13 using 
EDX 
Point Composition (at.%) 
O1 Nd74Fe26 
O2 Nd55Fe45 
O3 Nd97Fe3 
O4 Nd55Fe45 
O5 Nd98Fe2 
O6 Nd56Fe44 
O7 Nd94Fe6 
O8 Nd64Fe36 
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content of both Fe and Nd, which is beyond the experimental error or scattering effects from 
the neighboring regions. The calculated Fe-content in the white regions varies from 26 to 45 
at.% depending on the size of the region. The average composition of the Fe-containing 
regions (A1) assessed on the basis of point EDX analysis is about Nd56Fe44. This value is in 
agreement with similar studies made by Menushenkov et al. who report an approximate 
composition of the A1 phase of about Nd50Fe50 [119]. 
 
Elemental mapping is a more appropriate method than point analysis for analyzing 
composition fluctuations on a nanometer scale because two-dimensional features may be 
easily missed by point analyses. Elemental mappings can be obtained either by energy filtered 
TEM (EFTEM) in a conventional TEM mode or EDX/EELS in a STEM mode. Figure 4.14a 
shows the STEM-HAADF image of the eutectic region of the Nd80Fe20 mold-cast rod. 
Mapping for Nd and Fe elements was carried out using Nd-L and Fe-K EDX signals. Figures 
4.14 (b) and (c) show the STEM-EDX maps for Nd and Fe, respectively, from the area 
marked by a square in Fig. 4.14a. These images show the distribution of Nd and Fe in the two 
(dark and white) eutectic phases. There is a slight lateral drift, which can be immediately 
noticed by comparing the marked region in Fig. 4.14a with Fig. 4.14 (b) and (c). As shown in 
Fig. 4.14c, Fe is preferably concerted in the white region and there is a negligible Fe ratio in 
 
             
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: (a) STEM-HAADF image of the eutectic-like region of the Nd80Fe20 mold-
cast rod (cooled at 150 K/s). (b) & (c) show the elemental maps of Nd (green in Fig. 
4.14b) and Fe (red in Fig. 4.14c) in the area marked in Fig. 4.14a, respectively. The 
mapping is done using the intensity of Nd-L and Fe-K EDX signals.  
 
 
(a) (b) 
(c) 
Nd-map 
Fe-map 
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the Nd-rich dark regions. However, it can be clearly noticed from Fig. 4.14c, that the 
distribution of Fe is inhomogeneous within the white regions. The STEM-EDX mapping 
offers a limited spatial resolution since a large beam current and hence probe size are required 
to gather significant signal intensity in a reasonable acquisition time. Conversely, the spatial 
resolution of the fixed beam EFTEM technique can reach sub-nanometer ranges, which 
represents a great potential to analyze elemental fluctuations on a nanometer scale. 
 
Figures 4.15 (a) and (b) describe the energy window of 30 eV around Nd-N edge and Fe-L 
edge from the EEL spectrum for the Nd80Fe20 mold-cast rod selected for EFTEM imaging. 
Figures 4.15 (c) and (d) compare the conventional bright-field TEM and EFTEM image of the 
eutectic-like region of the Nd80Fe20 mold-cast rod, respectively. There is no visible difference 
in the Nd-rich regions between conventional TEM and the EFTEM images. Conversely, the 
Fe-containing region appears homogeneous in the conventional TEM image (Fig. 4.15a) but 
the corresponding EFTEM image (Fig. 4.15b) reveals the presence of composition 
fluctuations over 1-5 nm. Therefore, the elemental maps of Nd and Fe in the EFTEM and the 
STEM-EDX modes clearly show that the eutectic-like region of the Nd80Fe20 mold-cast rod is 
composed of Nd and Nd-Fe regions. The Nd-Fe regions (A1) are inhomogeneous on a 
nanometer scale. They yield SAED patterns consisting of diffuse rings superimposed on 
diffraction spots. 
 
Figure 4.16a presents a bright-field TEM image of the eutectic region of the Nd80Fe20 mold-
cast rod (cooled at 150 K/s), showing two phases, Nd and Nd-Fe (A1). The corresponding 
HRTEM images from the Nd-Fe and the Nd phases are shown in Figs. 4.16 (b) and (c), 
respectively. The HRTEM image from the Nd-Fe region clearly shows the presence of ~5 nm 
size crystallites (marked by arrows) embedded in an amorphous phase. In contrary, the Nd-
phase is crystalline and, therefore, produces clear lattice images (Fig. 4.16c). The boundary 
between the crystalline Nd and the amorphous Nd-Fe regions is clearly visible (marked with a 
line and arrows in Fig. 4.16c). Thus, the eutectic-like region of the Nd80Fe20 mold-cast rod is 
macroscopically composed of two phases, i.e., elemental Nd and Nd-Fe. The Nd-Fe regions 
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Figure 4.15: (a) and (b) Energy windows around Nd-N and Fe-K edges selected for 
EFTEM imaging, respectively. (c) and (d) are the conventional bright-field TEM and the 
EFTEM images of the Nd80Fe20 mold-cast rod (cooled at 150 K/s). The EFTEM image is 
constructed by overlaying individual EFTEM images for Fe (red) and Nd (green). It 
shows a distinct morphology of the Nd-Fe regions (A1). 
 
generate amorphous-like SAED patterns and no diffraction peaks in XRD. The HRTEM 
imaging together with elemental mapping from the Nd-Fe regions reveals that these regions 
are composed of 5-10 nm crystallites embedded in an amorphous phase. The average 
composition of the Nd-Fe regions is Nd56Fe44. These regions are metastable and transform 
into Nd2Fe17 and Nd5Fe17 phases upon annealing. It is clear from the structural analysis of the 
Nd80Fe20 mold-cast rod that the Fe-containing region with an average composition of 
Nd54Fe46 is not a single phase, rather it is a mixture of amorphous and nanocrystalline phases. 
However, for the comparison with previous studies, the Fe-containing regions are denoted as 
“A1”, as referred to in other studies [19, 20, 124, 125].  
 
                                        
(a) (b) 
Nd-N edge Fe-L edge 
(c) 
100 nm 
Nd 
Nd-Fe 
(d) 
100 nm 
Nd 
Nd-Fe 
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Figure 4.16: TEM bright-field image of the eutectic-like region of the Nd80Fe20 mold-cast 
rod (cooled at 150 K/s) showing two regions, i.e., Nd and Nd-Fe. Corresponding HRTEM 
images from the Nd-Fe phase (b) and Nd (c) reveal that the Nd-Fe region consists of 
about 5 nm crystallites (marked by arrows) and an amorphous matrix. On the other hand, 
the Nd phase is crystalline showing atomic columns. The interface between the crystalline 
Nd and an amorphous Nd-Fe region is clearly visible in Fig 4.16c. 
 
4.2  Magnetic properties 
The main stimulus for the interest in binary Nd-Fe alloys is the occurrence of a room 
temperature coercivity ranging from 0.2 to 0.5 T depending on the cooling rate. Since the 
stable intermetallic Nd2Fe17 and Nd5Fe17 phases exhibit an easy plane anisotropy they are, 
therefore, soft magnetic [130]. The high coercivity in the as-cast Nd-Fe alloys is usually 
 
 
(b) (c) 
(a) 
Nd 
Nd-Fe 
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attributed to the metastable Fe-containing regions referred to as A1 [19, 124, 125]. As 
discussed in the last section, the Fe-containing regions contain finely dispersed 
nanocrystallites and an amorphous phase. Therefore, they will be denoted as A1 regions 
instead of “phase”. The presence of the hard magnetic A1 regions in Nd-Fe alloys are usually 
characterized by the appearance of a room temperature coercivity of 0.5 T and a Curie 
temperature TC ≈ 510-530 K. The Curie temperature alone cannot be used to verify the 
formation of the A1 regions because several other intermetallic phases like Nd5Fe17 (TC = 508 
K) and Nd-Fe-O (TC = 523 K) have Curie temperatures in the close proximity. Due to the 
difficulties in phase identification the origin of coercivity in as-cast Nd-Fe eutectic alloys 
remains unclear. The following section attempts to clarify the correlation between the 
magnetic properties and the microstructure of the Nd-Fe alloys. 
 
4.2.1  Temperature dependence of magnetization 
The temperature dependence of magnetization for Nd100-xFex (x = 20, 25, 40) mold-cast rods 
of 3 mm diameter (cooling rate ≈150 K/s) was measured in an applied field of 0.5 T during 
heating (Fig. 4.17). The sample with x = 20 (solid curve) exhibits ferromagnetic behavior with 
a TC of 529 K, a value which to the previously reported value of 518 K for the metastable A1 
phase in Nd-Fe alloys [16, 119, 124]. For the x = 25 sample (dotted curve in Fig. 4.17a), a 
weak but detectable magnetic transition at 334 K is observed along with a transition at 515 K, 
which stems from the A1 regions. The transition at 334 K is close to the TC of the Nd2Fe17 
compound (335 K). Upon further increasing the Fe content from 25 to 40 at.%, this phase 
with TC = 334 K becomes the only magnetic phase (dashed curve in Fig. 4.17a). Thus, the 
Nd100-xFex mold-cast rods show a single TC = 529 K from the A1 regions when x < 25 but with 
increasing x ≥ 25 an additional transition at about 334 K from the Nd2Fe17 phase is observed. 
 
Figure 4.17b shows the effect of the cooling rate on the TC of Nd80Fe20 alloys. The alloys 
cooled at ≥ 50 K/s exhibit a single TC of 529-544 K, indicating the formation of a single 
ferromagnetic phase. In contrast, the alloy cooled at ≈ 25 K/s displays two magnetic 
transitions at 335 K and 542 K, which correspond to the Nd2Fe17 and A1, respectively. The 
alloy cooled at ≈ 5 K/s exhibits only a single TC of 335 K, which is indicative for the 
formation of Nd2Fe17 and the absence of the metastable A1. Different rates and the possible 
associated phases with the observed TC values are listed in Table 4.2. These values 
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Figure 4.17: (a) Temperature dependence of magnetization of Nd100-xFex (x = 20, 25, 40) 
mold-cast rods (cooled at150 K/s). The sample with x = 20 shows a single TC of 529 K, x 
= 25 shows two TC at 334 K and 515 K, and the x = 40 sample shows a single but smeared 
out transition at 334 K. (b) Temperature dependence of magnetization of Nd80Fe20 alloys 
cooled at different rates. It shows that the samples cooled faster than 50 K/s display a TC 
in the range of 529-544 K whilst the alloys cooled at lower than 50 K/s show an additional 
TC at 334 K. 
 
indicate the range of composition and cooling rate for the formation of the metastable A1 
regions. The A1 regions are the only ferromagnetic phase in the mold-cast Nd100-xFex alloy 
when x < 25. The TC of the metastable A1 regions increases from 529 to 544 K with the  
 
(b) 
(a) 
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Table 4.2: Curie temperatures of the Nd100-xFex (x = 20, 25, 40) alloys cooled at 150 K/s 
and the Nd80Fe20 alloys cooled at different rates. The phases identified on the basis of Curie 
temperatures are also listed. 
Sample Cooling rate 
(K/s) 
Curie temperatures 
TC (K) 
Phases 
Nd60Fe40 150 334 Nd2Fe17 
Nd75Fe25 150 334, 515 Nd2Fe17, A1 
150 529 A1 
100 537 A1 
75 540 A1 
50 544 A1 
25 335, 542 Nd2Fe17, A1 
 
 
Nd80Fe20 
5 335 Nd2Fe17 
 
cooling rate decreasing from 150 to 50 K/s. This change in TC must be associated with a 
change in chemical composition or interatomic distances, which lead to a change in the 
exchange integral and, consequently, TC [86]. However, with a further decreasing cooling rate 
lower than 50 K/s, two magnetic transitions at 335 K and 542 K are observed due to the 
formation of Nd2Fe17 along with the A1. The Nd2Fe17 phase becomes the dominating phase 
with decreasing cooling rate and for the alloy cooled at 5 K/s no transition for the A1 can be 
detected. It should be noted that the magnetic transition at 529-544 K for the A1 regions is not 
a well-defined sharp transition as it is typically seen for the ferromagnetic materials. The 
smeared-out magnetic transition for the A1 regions is most likely due to fluctuations in the 
local chemical order and the exchange interaction in the A1 regions. 
 
Figure 4.18 verifies that the high-temperature transition at 529 K is related to a metastable 
structure. It shows the difference between the magnetic transition observed during the heating 
and cooling cycles for the mold-cast Nd80Fe20 alloy (cooled at 150 K/s). The solid line 
represents the magnetization measured during heating, which shows a TC of 529 K. The 
dashed and dotted lines are the magnetization curves measured during cooling after heating 
the samples to 673 K and 873 K, respectively. The sample heated to 673 K shows a 
TC of 529 K upon heating as well as cooling. However, the sample heated to 873 K shows a 
transition at 334 K (dotted curve in Fig. 4.18) corresponding to Nd2Fe17 phase in the cooling 
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curve. This is due to the metastable nature of the A1 regions that transform into the Nd2Fe17 at 
temperatures above 673 K.  
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Figure 4.18: Temperature dependence of magnetization of the Nd80Fe20 mold-cast alloys 
upon heating and cooling. The sample heated to 673 K shows the same TC = 529 K during 
heating and cooling. However, the sample heated to 873 K shows a much lower TC of 334 
K during cooling. This is due to the transformation of the metastable A1 regions into 
Nd2Fe17.  
 
4.2.2  Hysteresis loops 
Room temperature (RT) hysteresis loops of the Nd100-xFex (x = 20, 25, 40) mold-cast rods 
(cooling rate ≈150 K/s) are shown in Fig. 4.19a. The hysteresis loop of the sample with x = 20 
shows a hard magnetic behavior with a coercivity of 0.48 T. However, the behavior of the Fe-
richer specimens (x = 25, 40) is characteristic of magnets in which a certain fraction of the 
alloys has appreciably lower coercivity. The waisted loops are characteristic of two-phase 
magnetic materials [90, 91]. The step in the demagnetization curves is due to the presence of 
the soft magnetic Nd2Fe17 phase. The sample with x = 40 shows a negligible coercivity, which 
is related to the disappearance of the hard magnetic A1 regions. A continuous increase in 
magnetization from 14 to 29 Am2/kg is observed with the Fe content increasing from 20 to  
40 at.%. Furthermore, the hysteresis loops are not saturated, which indicates the presence of a 
strong magnetic anisotropy or paramagnetic contribution from the Nd. The origins of these 
effects are discussed in the next section dealing with the coercivity mechanism. Figure 4.19b 
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presents the RT demagnetization curves for the Nd80Fe20 alloys prepared at different cooling 
rates. The alloys cooled at rates between 75 and 150 K/s show similar features with a large 
coercivity of 0.44-0.48 T and a remanence of 7.4-9.7 Am2/kg. On the other hand, the alloys 
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Figure 4.19: (a) RT hysteresis loops of mold-cast Nd100-xFex (x = 20, 25, 40) alloys. The 
samples with x = 20, 25 show a single-phase hysteresis loop but the x = 40 sample shows 
a two-phase magnetic behavior. (b) RT demagnetization curves of Nd80Fe20 alloys cooled 
at different rates. The Nd80Fe20 alloys cooled faster than 50 K/s show a smooth 
demagnetization curve, whereas the alloys cooled slower than 50 K/s show a dip in the 
demagnetization curve due to the presence of two magnetic (soft and hard) phases.  
 
(a) 
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cooled at rates below 75 K/s, show a two-phase magnetic behavior with a step in the 
demagnetization curves near to zero field. This is due to the presence of the second soft 
magnetic Nd2Fe17 phase along with the hard magnetic A1 regions. The overall coercivity 
remains nearly constant for alloys cooled faster than 25 K/s. As the coercivity strongly 
depends on the microstructure, the constant coercivity value for the samples suggests the 
formation of similar microstructural features resulting in the same coercivity mechanism in 
these alloys. These results define the limiting cooling rate (50 K/s) above which the 
metastable hard magnetic A1 regions form. 
 
As explained in the previous section of the microstructural characterization, the as-cast 
Nd80Fe20 alloys solidify in a highly metastable structure that transforms into a stable structure 
upon annealing. This change in microstructure is accompanied by significant changes in the 
coercivity. Figure 4.20 compares the RT demagnetization curves for the mold-cast Nd80Fe20 
rod of 3 mm diameter in the as-cast state and after annealing at 773 K (1, 10 h) and 873 K (2, 
24 h). It can be clearly observed that there is no notable difference in the coercivity and 
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Figure 4.20: RT demagnetization curves of Nd80Fe20 mold-cast rods (cooled at 150 K/s) 
in the as-cast state and after annealing at 773 K (1, 10 h) and 873 K (2, 24 h). The curve 
after annealing at 773 K (10 h) indicates the presence of two magnetic phases. However, 
the overall coercivity still remains relatively high (0.38 T). In contrast, the coercivity 
vanishes after annealing at 873 K due to a complete transformation of the metastable A1 
regions.  
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remanence in the as-cast state and after a short (1 h) annealing at 773 K. A small reduction in 
the magnetization is associated with partial transformation of the metastable A1 regions. 
However, the smooth demagnetization curve for the as-cast alloy changes into a two-phase 
demagnetization curve after annealing at 773 K for an extended time (10 h). This behavior is 
related to the presence of two magnetic phases, i.e., the soft magnetic Nd2Fe17 and the hard 
magnetic A1 regions. The presence of the soft magnetic phase results in a decrease of 
coercivity from 0.48 to 0.38 T, up to 2 h annealing at 873 K. A further increase of the 
annealing time from 2 to 24 h does not change the magnetic behavior. The changes in the 
coercivity upon annealing can be correlated with the corresponding changes in the phase 
composition and microstructure. According to Fig. 4.10, the sample annealed at 773 K for 10 
h contains two magnetic phases, Nd2Fe17 and A1. Therefore, the corresponding hysteresis loop 
shows a two-phase magnetic behavior with a step in the demagnetization curve near to zero 
field, which is due to the easy magnetization reversal in the soft magnetic Nd2Fe17 grains. 
short annealing for 2 h at 873 K completely destroys the metastable A1 regions resulting in a 
negligible coercivity. From these results it can be conclusively stated that the high coercivity 
in the Nd-rich Nd-Fe alloys is associated with the metastable A1 regions. The possible origin 
of the high coercivity in the as-cast Nd80Fe20 alloys will be discussed in the following section. 
 
4.2.3  Coercivity mechanism 
As shown in Fig. 4.19b, the Nd80Fe20 mold-cast rod of 3 mm diameter (cooling at 150 K/s) 
shows a single hard magnetic behavior associated with the metastable A1 regions. Therefore, 
this alloy was selected for the coercivity analysis and hereafter will be referred to as mold-cast 
Nd80Fe20 rod. Moreover, the other Nd-Fe alloys containing the A1 regions show similar 
magnetic features. The coercivity mechanism is usually determined by measuring the initial 
magnetization curves, minor loops, and the temperature dependence of the coercivity. In 
addition to these investigations, the temperature dependence of the anisotropy is also 
essential.  
 
Initial magnetization curves 
Magnets where domain walls move easily inside grains leading to a steep increase in the 
initial magnetization at low fields are referred to as nucleation-controlled magnets [103-105]. 
The magnets where the domain walls are pinned leading to very small changes in the initial 
magnetization at fields smaller than a critical value (HC) and a much more drastic increase of 
magnetization at fields greater than HC, are characterized as pinning-controlled magnets [99]. 
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However, a low initial magnetization is not a conclusive indication of the domain wall 
pinning mechanism since randomly oriented single-domain particles also show similar initial 
magnetization curves [154].  
 
The initial magnetization curves of the thermally demagnetized Nd80Fe20 mold-cast rod 
(cooled at 150 K/s) measured at 300 K and 200 K are presented in Fig 4.21. They neither 
clearly resemble those of domain wall pinning- nor of nucleation-type magnets. The increase 
in magnetization is relatively small for fields less than critical values, 0.42 T at 300 K and 0.8 
T at 200 K. The magnetization increases drastically when the applied field gets larger than 
these critical values. This can be observed more clearly from the total susceptibility, obtained 
by differentiating the initial magnetization curves, shown in the inset of Fig. 4.21. The 
susceptibility curves at 300 K and 200 K, show peaks at magnetic fields of 0.42 T and 0.8 T, 
respectively. The initial magnetization curves such as shown in Fig. 4.21 have been observed 
for non-interacting uniaxial single-domain particles and amorphous materials with random 
anisotropy [155]. 
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Figure 4.21: Initial magnetization curves at 300 K and 200 K measured for a thermally 
demagnetized Nd80Fe20 mold-cast rod (cooled at 150 K/s). The inset shows the total 
susceptibility obtained by the differentiation of the initial magnetization curves. It shows 
peaks at 0.42 T and 0.8 T for 300 K and 200 K, respectively. The initial magnetization 
curves do not resemble those of nucleation-type and pinning-type magnets. 
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Field dependence of coercivity 
Further information regarding the coercivity mechanism can be gained from the magnetizing 
field dependence of the coercivity, which is different in nucleation-controlled and pinning-
controlled multi-domain magnets. In a nucleation-controlled multi-domain magnet, the 
minimum magnetizing field, required to saturate the coercivity is much weaker than the 
coercivity [156]. For a pinning-controlled magnet, this minimum magnetizing field is more or 
less equal to the coercivity [156]. However, in the case of a single-domain material, the 
nucleation mechanism leads to the same result as in the case of a pinning-controlled 
mechanism in a multi-domain material. Figure 4.22 shows the magnetizing field dependence 
of the coercivity of mold-cast Nd80Fe20 (cooled at 150 K/s) deduced from the measurements 
of the minor hysteresis loops at 300 K. The values of the coercivity depend strongly on the 
magnetizing field and remain at rather low values in magnetizing fields up to about 0.3 T. A 
rapid increase in the coercivity is observed when the magnetizing field reaches about 0.48 T, 
the maximum value of the coercivity. A further increase of the magnetizing field to 1.5 T 
results in a slow increase in the coercivity. From these experimental observations, the 
coercivity mechanism of mold-cast Nd80Fe20 cannot be determined because the pinning 
process controls the magnetization reversal process if the Nd80Fe20 is a multi-domain material. 
The nucleation process might also play a dominating role if the Nd80Fe20 is consisting of 
single-domain particles. 
 
0.0 0.5 1.0 1.5 2.0
0.0
0.1
0.2
0.3
0.4
0.5
Co
er
ci
v
ity
 
(T
)
Magnetizing field, µ
o
H (T)
 
Figure 4.22: Coercivity as a function of maximum magnetizing field for the Nd80Fe20 
mold-cast rod (cooled at 150 K/s). 
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Temperature dependence of coercivity 
For the interpretation of the temperature dependence of the coercivity it is necessary to first 
measure the magnetization in a wide temperature range to reveal all possible magnetic 
transitions. Figure 4.23 shows the AC susceptibility of the Nd80Fe20 mold-cast specimen and a 
piece of polycrystalline Nd measured in the temperature range of 300-4.2 K. The 
polycrystalline Nd exhibits three peaks at about 29 K, 19 K, and 8 K. The dhcp crystal 
structure of Nd has two Nd sites with local hexagonal and cubic site symmetry [157]. Neutron 
diffraction measurements have shown two antiferromagnetic ordering temperatures at 19.9 K 
and the other at 7.5 K for dhcp Nd [157]. The fcc allotrope of Nd is ferromagnetic with a 
Curie temperature of 29 K [126]. Therefore, a peak at 29 K in the susceptibility of Nd 
suggests the presence of fcc Nd traces in the polycrystalline Nd. The AC susceptibility of the 
Nd80Fe20 mold-cast specimen exhibits a sharp peak at about 8 K followed by weak shoulders 
at 19 K and 29 K. The similarities in the susceptibility of the Nd80Fe20 mold-cast specimen 
and polycrystalline Nd suggest the presence of dhcp and fcc Nd in the Nd80Fe20 mold-cast 
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Figure 4.23: The AC susceptibility of the Nd80Fe20 mold-cast specimen (cooled at 150 
K/s) and a piece of polycrystalline Nd in the temperature range of 4.2-300 K measured in 
a driving AC field of 10-4 T with a frequency of 133 Hz. It shows three ordering 
temperatures, 8, 19, and 29 K (marked with arrows) for the Nd and mold-cast Nd80Fe20. 
The peaks at 8 and 19 K correspond to the dhcp Nd whereas the peak at 29 K matches the 
ordering temperature of fcc Nd. The susceptibility of the Nd80Fe20 mold-cast rod increases 
above 130 K due to the ordering of the Fe-containing A1 regions. 
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specimen. There is a continuous increase in the susceptibility of the Nd80Fe20 mold-cast 
specimen above 130 K indicating the presence of a phase with ordering temperature above 
room temperature. According to the temperature dependence of magnetization (Fig. 4.17), the 
Nd80Fe20 mold-cast specimen exhibits a TC of 529 K associated to the Fe-containing A1 
regions. Therefore, the upturn in the AC susceptibility (Fig. 4.23) of the mold-cast Nd80Fe20 
specimen above 130 K could be explained as part of the Hopkinson peak that would appear 
below TC due to the magnetic ordering process of the A1 regions. Such a Hopkinson peak has 
been previously observed for rapidly-quenched Nd-Fe alloys [124, 125]. The existence of a 
Hopkinson peak in single-domain particles has been explained by the irreversible rotation of 
magnetic moments due to decrease of anisotropy upon heating [158]. 
 
In order to understand the role of thermal activation in the magnetization process, hysteresis 
loops were measured at different temperatures from 4.2 to 523 K. To show all the features of 
the hysteresis loops more clearly, the magnetization measurements are divided into three 
groups according to the measuring temperature range, i.e., 4.2-55 K, 75-300 K, and 300-523 
K. Figure 4.24a shows the hysteresis loops above 300 K. They are typical of a single hard 
magnetic phase. The coercivity and remanence decrease with increasing temperature 
vanishing at 523 K, close to the Curie temperature of 529 K. The loops are not saturated and a 
residual susceptibility in high fields is still observed. Figure 4.24b shows the demagnetization 
curves measured at temperatures below 300 K with a maximum magnetizing field of 4 T. The 
coercivity increases abruptly from 0.48 to 4 T with a temperature decrease from 300 to 75 K. 
The magnetization does not saturate at an applied field of 4 T. Furthermore, there is a clear 
increase in the slope of the high field magnetization with decreasing temperature, which is 
due to a combined effect of an increase in the paramagnetic susceptibility of the free Nd and 
the magnetic anisotropy of the A1 regions. From the hysteresis loops and the demagnetization 
curves measured in the temperature range of 75 K ≤ T ≤ 523 K the following observations can 
be made: (i) The hysteresis loops and demagnetization curves at T ≥ 75 K are characteristic of 
a hard magnetic material. (ii) The coercivity and remanence decrease with increasing 
temperature. However, the coercivity does not vanish up to the Curie temperature. (iii) The 
magnetization curves do not saturate at any temperature in the range of 75-523 K at a 
maximum magnetizing field of 4 T. (iv) The slope of the high-field magnetization decreases 
with increasing temperature. 
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Figure 4.24: (a) Hysteresis loops of a mold-cast Nd80Fe20 rod (cooled at 150 K/s) in the 
temperature range of 300-523 K, indicating that the coercivity vanishes at 523 K, close to 
the Curie temperature (529 K). (b) Demagnetization curves in the temperature range of 
75-300 K show that the coercivity and remanence increase strongly with decreasing 
temperature, however, the magnetization does not saturate at any temperature in the range 
of 75 K ≤ T ≤ 523 K. 
 
The demagnetization curves below 75 K were measured in a pulse-field magnetometer after 
magnetizing the specimen in a field of 40 T. These measurements were made by Mr. P. 
Kerschl in the pulse-field facility at IFW Dresden. Figure 4.25 shows the demagnetization 
curves of the mold-cast Nd80Fe20 at 4.2, 30, and 55 K. The maximum magnetization (at 40 T) 
(a) 
(b) 
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increases form 75 to 94 Am2/kg with the temperature decreasing from 55 to 4.2 K. However, 
the remanence values do not change below 75 K. The demagnetization curves at 4.2 and 30 K 
exhibit a two-stage demagnetization behavior showing a step in the third quadrant. The step in 
the demagnetization curves can be seen more clearly (marked by arrows) in the inset of Fig. 
4.25: where the magnetization decreases to zero at MHC and then shows a step at a further 
negative field (HC2) in the third quadrant. Form an experimental point of view, the coercivity 
is determined from the demagnetization curves as the field MHC, where the total magnetization 
reduces to zero. But for the demagnetization curves like the one shown in Fig. 4.25, this 
definition of MHC is not related to the overall magnetization reversal process.  
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Figure 4.25: Demagnetization curves of the Nd80Fe20 mold-cast rod (cooled at 150 K/s) in 
the temperature range between 4.2 and 55 K after magnetizing in a pulse field of 40 T. 
The curves show a two-step demagnetization behavior, which is shown more clearly in the 
inset. Two coercivities MHC and HC2 are defined as: MHC is a reverse field where the 
magnetization decreases to zero and HC2 is a field at demagnetization curve shows a step. 
 
In two-phase materials, we can define the coercivity of the two phases separately as the fields 
where the susceptibility shows maxima [103]. Total susceptibility was taken as the local slope 
of the major demagnetization curves, χtot = dM/dH. Figure 4.26 shows the χtot versus applied 
field at temperatures ranging from 4.2 to 300 K for the mold-cast Nd80Fe20. In contrast to the 
single maximum of χtot at temperatures above 30 K (Fig. 4.26a), the χtot exhibits two maxima 
at T ≤ 30 K, one on each side of the MHC, a peak at small fields HC1 and a peak at large fields 
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HC2 (Fig. 4.26b). The two peaks in the total susceptibility in combination with the two-step 
demagnetization curves are characteristic of materials, where the two magnetic phases are 
decoupled [103]. The peak at HC1 occurs at fields close to zero suggesting that the one phase 
exhibits negligible coercivity. On the other hand, the peak at HC2 occurs at large negative 
fields and shifts to further higher negative fields with decreasing temperature. The HC1 and 
HC2 appear to originate from the magnetization reversal in the fcc Nd and the hard magnetic 
A1 regions because the dhcp Nd orders antiferromagnetically.  
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Figure 4.26: The total susceptibility, χtot versus applied field at temperatures: (a) 55-300 
K (b) 4.2 and 30 K for the mold-cast Nd80Fe20. Above 30 K, the χtot shows a single peak 
but at 4.2 and 30 K the χtot shows two peaks, at large fields (HC2) and at small fields (HC1). 
 
The two coercivities MHC and HC2 for the temperature range between 4.2 and 300 K are 
plotted as a function of temperature in Fig. 4.27. They show identical values above 55 K, 
whereas different values show up below 55 K. The MHC reaches its maximum value of 4.4 T 
at 55 K and decreases to 1.2 T at 4.2 K. On the other hand, the HC2 ascribed to the hard 
magnetic A1 regions, increases exponentially to 6.4 T at 4.2 K. As shown in Fig. 4.27, fittings 
of the HC2 data points between 4.2 and 300 K to a relation HC2 = HC2(0)×exp(-αT) yields a 
HC2(0) = 6.8 T at 0 K, and a decay constant α = 0.008 K-1. Such an exponential temperature 
dependence of coercivity has been also observed in amorphous Tb-Fe and Dy-Fe, as well as 
in other random anisotropy magnets [12]. A theoretical explanation for an exponential 
(a) 
(b) 
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behavior of the coercivity has not been found yet but HC(T) obtained by computer simulation 
on two-dimensional random anisotropy systems could be fitted to an exponential law [159]. 
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Figure 4.27: Temperature dependence of coercivity of the Nd80Fe20 mold-cast rod (cooled 
at 150 K/s). MHC is the field where M = 0, HC2 is the field where dM/dH shows a 
maximum. MHC and HC2 are almost identical above 55 K decreasing exponentially with 
increasing temperature. For temperatures below 55 K, MHC and HC2 show significantly 
different behavior. MHC reaches its maximum value of 4.4 T at 55 K and then decreases to 
1.6 T at 4.2 K. However, HC2 can be fitted to an exponential law, 6.8×exp(-0.007T), which 
yields 6.8 T as a maximum value for HC2 at 0 K. 
 
Another significant feature of the magnetization curves at a temperature below 75 K (Fig. 
4.25) is the nearly constant value of the remanence. This behavior is clearly different from the 
curves in the temperature range between 75 and 523 K (Fig. 4.24) where both the maximum 
magnetization and the remanence increase with decreasing temperature. This suggests the 
presence of predominantly antiferromagnetic interactions below 75 K, which do not 
contribute to the remanence of the specimen. This is due to the crystal field effects of Nd, 
which can influence the magnetic structure of Nd in paramagnetic state up to 150 K [160]. 
These features of the coercivity and the remanence and their temperature dependence are 
discussed on the basis of the possible magnetic structure for the hard magnetic A1 regions in 
the Nd80Fe20 mold-cast rod (cooled at 150 K/s). 
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Magnetic structure 
According to the microstructural analysis, the Nd80Fe20 mold-cast rod (cooled at 150 K/s) 
solidifies into Nd (primary crystallites and a part of the eutectic) and Fe-containing regions A1 
(section 4.1.5). A part of the eutectic Nd may form Nd-rich fcc phase by dissolving Fe. The 
dhcp Nd crystallites and the Nd-rich solid solution are paramagnetic above 29 K, however, 
the crystal field can affect the magnetization of Nd in the paramagnetic region up to 150 K 
[160]. This ordering of the low temperature Nd and Nd-rich phase does not contribute to the 
total remanence of the specimen since the net magnetization of the Nd and the Nd-rich phase 
is zero in the absence of a field. In contrary, the A1 regions are a mixture of an amorphous and 
nanocrystallites, which yield an ordering temperature of about 529 K. There is no doubt that 
the large magnetic anisotropy of Nd3+ ions plays an essential role in the large coercivity of the 
Nd80Fe20 mold-cast rod. Though Nd3+ ions are highly anisotropic, the non-interacting Nd 
present in the form of dhcp-Nd or fcc-Nd-rich solid solution does not play any significant role 
in governing the coercivity. Therefore, the Nd atoms that are present in the A1 regions 
together with the Fe atoms should be considered for the interpretation of the hard magnetic 
properties.  
 
It is clear from the preceding analysis that the magnetization curves of the mold-cast Nd80Fe20 
specimen are sum of two phases, Nd (dhcp + fcc) and the Fe-containing A1. The Nd 
contributes to the high-field paramagnetic susceptibility above 30 K resulting in the 
unsaturated magnetization curves. The Fe-containing A1 regions give the large coercivity and 
the remanence of the mold-cast Nd80Fe20 in the entire temperature range of 4.2 to 523 K. 
Therefore, the contribution of these dhcp-Nd and fcc-Nd-rich phase should be subtracted for 
the calculation of the saturation magnetization and the other intrinsic magnetic properties of 
the hard magnetic A1 regions. The fraction of Nd (dhcp + fcc) is estimated to be 73 wt.%, and 
the Fe-containing A1 regions is 27 wt.% from the metallographic studies. Therefore, the 
magnetization of about 73 wt.% Nd is to be subtracted in order to obtain the magnetization of 
the remaining 27 wt.% Fe-containing A1 regions. Figure 4.28a shows the magnetization curve 
of the mold-cast Nd80Fe20 at 75 K, without and after subtracting the magnetization of 73 wt.% 
Nd. The magnetization curves for polycrystalline Nd measured with a pulse field 
magnetometer and calculated from the Brillouin function are also shown in Fig. 4.28a. It is to 
be noted that the magnetization of Nd at 75 K deviates from the Brillouin function above 19 T 
due to crystal field effects. This clearly demonstrates that the large crystal field effects in Nd 
influence its magnetization at temperatures well above the ordering temperature of 19.9 K. 
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Furthermore, the mold-cast Nd80Fe20 and polycrystalline Nd show identical high-field 
susceptibility at 75 K (Fig. 4.28a) due to the presence of about 73 wt.% Nd in the mold-cast 
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Figure 4.28: (a) Magnetization curves of the Nd80Fe20 mold-cast rod (cooled at 150 K/s) 
without and after subtracting the contribution from 73 wt.% Nd at 75 K. It also shows the 
magnetization curve of polycrystalline Nd measured with a pulse field magnetometer and 
calculated from the Brillouin function. (b) The magnetization curves after subtracting the 
contribution of 73 wt.% Nd in the temperature range of 30-300 K. The curves are 
normalized with respect to the remaining 27 wt.% A1 regions. The magnetization curves at 
300 K and 150 K approach saturation whereas the curves at 75 K and 30 show a 
continuous increase in the magnetization with increasing field.  
(a) 
(b) 
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specimen. The magnetization of 73 wt.% Nd is subtracted from the magnetization of the 
mold-cast Nd80Fe20 specimen and the remaining magnetization is normalized to the 27 wt.% 
Fe-containing A1 regions. It can be clearly seen from Fig. 4.28a that even after subtracting the 
contribution of 73 wt.% Nd the magnetization of the Fe-containing A1 regions does not 
saturate at 75 K indicating the presence of a large magnetic anisotropy. Figure 4.28b 
compares the magnetization curves of the hard magnetic A1 regions at different temperatures. 
The curves at 150 and 300 K tend to saturate in large applied fields whereas the magnetization 
curves show large slopes at 75 and 30 K. Another remarkable observation from the subtracted 
magnetization curves can be made about the remanence values. The remanence values are 
about half of the maximum magnetization (at 40 T). This behavior is usually observed for an 
isotropic system of randomly oriented noninteracting uniaxial single domain particles [161]. 
Thus, the A1 regions present a typical example of random anisotropy system.  
 
The magnetic properties of the Nd80Fe20 mold-cast rod can be explained according to the 
model proposed by Taylor et al. [162] and later by Nagayama et al. [163]. The validation of 
their model for the Nd80Fe20 mold-cast rod is justified by the following observations: On the 
basis of Mössbauer studies Givord et al. [125] and Nagayama et al. [163] have estimated the 
average atomic moment of Fe, Feµ  = 1.85 Bµ  at 300 K and 2 Bµ  at 4.2 K in amorphous Nd-
Fe alloys. It implies that the change in the Fe moment over the temperature range of 4.2-300 
K is negligible in the amorphous Nd-Fe-alloys. As for the exchange interactions, it is 
reasonable to assume JFe-Fe > JFe-Nd > JNd-Nd. Therefore, the Fe moments can be considered 
constant 2 Bµ  and the average atomic moment of the Nd, Ndµ  can be calculated from the 
following equation: 
[ ] 8.0/2.0 FeNd µµµ −=              (Eq. 4.1) 
Here, µ  is the total moment per average atom of the Nd80Fe20 mold-cast rod, which is 
estimated from the maximum value of the magnetization at a field of 40 T. The respective 
atomic fractions of Fe and Nd in one average atom of the Nd80Fe20 alloy are 0.2 and 0.8. The 
value of Feµ  is taken as 2 Bµ . In the calculation of µ  the total magnetization of the specimen 
is considered without a paramagnetic subtraction. The values of µ  obtained from the 
maximum magnetization at 40 T and the Ndµ  calculated using Eq. 4.1 at different 
temperatures are plotted in Fig. 4.29. The Ndµ  decreases 2.25 Bµ  to 0.43 Bµ  with increasing 
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temperature from 4.2 to 300 K. The magnetic moment of the free Nd3+ ion is 3.26 Bµ . It is 
well known that the average value of the moment becomes ½ when the anisotropy is so large 
that the effective field cannot tilt the moment from the anisotropy axis but can only select the 
direction of the moment. Thus, the decrease of the Nd moment in the Nd80Fe20 mold-cast rod 
can be attributed to the random anisotropy of the Nd3+ ions. 
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Figure 4.29: Temperature dependence of the average atomic magnetic moment, µ  (in 
Bµ /atom), in an external field of 40 T and of the average magnetic moment of Nd atoms, 
Ndµ , for the Nd80Fe20 mold-cast rod (cooled at 150 K/s). The value of Ndµ  was calculated 
on the assumption that the Fe moment is 2 Bµ /atom in the temperature range from 4.2 to 
300 K. 
 
Additional indication for the random anisotropy in the Nd80Fe20 mold-cast rod comes from the 
remanence values. Figure 4.30 shows the temperature dependence of the saturation 
magnetization MS and the reduced remanence Mr/MS of the Nd80Fe20 mold-cast rod. The value 
of MS was approximated from M versus 1/H2 plots by extrapolating 1/H2→0. There is a sharp 
decrease in MS form 150 to 111 Am2k/g with temperature increasing from 4.2 to 75 K 
indicating an order-disorder magnetic transition. With temperature further increasing from 75 
to 300 K, MS is reduced rather slowly. The reduced remanence shows an opposite behavior, it 
increases with increasing temperature and approaches a value of 0.5 above 50 K. The 
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reduction in the Nd moment and the approach of the reduced remanence to a value of 0.5 
suggest the presence of a random anisotropy in the hard magnetic A1 regions. 
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Figure 4.30: Temperature dependence of the saturation magnetization (MS) and the 
reduced remanence (Mr/MS) of the Nd80Fe20 mold-cast rod (cooled at 150 K/s). Both MS 
and Mr were calculated after subtracting the paramagnetic contribution of Nd phase. MS 
was approximated as a magnetization when 1/H2 approaches 0. The decrease in MS is 
much faster from 4.2 to 75 K, thereafter it is gradually reduced. Mr/MS increases with 
increasing temperature and approaches about 0.5 above 50 K. 
 
The A1 regions can be assumed as an ensemble of Nd-Fe clusters, each of which has a 
magnetic structure in an external field as shown in Fig. 4.31a. If the size of the cluster is not 
very large, the random anisotropy of the Nd3+ ions will not be compensated completely but 
results in a magnetic anisotropy of the order of NdNd ndD = for a cluster. Here Ndd  is a 
single-ion Nd anisotropy and Ndn  is the number of Nd atoms in a cluster. In a strong magnetic 
field H, the Fe moment will align in the field direction and the Nd moment will be distributed 
in a hemisphere because of the ferromagnetic interaction between Nd and Fe atoms [162, 
163]. Thus, the effective moment of the Nd atoms determined from the bulk magnetization 
will be lower than the free ion value of 3.26 Bµ . The hard magnetic A1 regions in the 
Nd80Fe20 mold-cast rod can be treated as an ensemble of such clusters whose anisotropy axes 
are distributed randomly as illustrated in Fig. 4.31b. In a high external field the moments of 
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the clusters will be parallel to the field direction. When an external field is absent, however, 
the magnetic moments of the clusters will direct randomly in a hemisphere due to anisotropy. 
Neutron scattering studies made by Spano et al. on amorphous NdFe2 showed that the spin 
correlation length decreases with the temperature decreasing below the spin freezing 
temperature, supporting the cluster model [164]. Since the increase in random anisotropy with 
decreasing temperature dominates the exchange interaction, this effect reduces resulting in a 
formation of clusters rather than in a homogeneous ferromagnetic order [164]. The inter-
cluster coupling is assumed to be weak compared to the intra-cluster interaction. In such a 
case, each cluster can be replaced by a classical spin at low temperature. On the basis of this 
cluster model Nagayama et al. have shown that the coercivity of amorphous Nd-Fe alloys 
scales with the random anisotropy energy of a cluster [163].   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.31: (a) Schematic illustration of the magnetic structure of Nd-Fe clusters in a 
large external magnetic field. Magnetic moments of the Fe atoms are aligned parallel to 
the applied field whilst the moments of the Nd atoms are distributed in a hemisphere due 
to their large anisotropy. (b) Schematic description of the magnetic structure of the A1 
regions in the absence of field. The A1 regions are considered as an ensemble of randomly 
oriented clusters. In a magnetic field the moments of clusters are parallel to the field 
whereas in the absence of a field the clusters orient randomly in the upper hemisphere 
(field direction). 
 
 
 
 
 
 
H 
(a) (b) 
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4.2.4  Magnetic anisotropy 
Magnetization measurements along and perpendicular to the length of the Nd80Fe20 mold-cast 
rod (cooled at 150 K/s) shown in Fig. 4.32 confirm that the specimen is magnetically isotropic 
as a whole and there is no shape anisotropy. Due to the multiphase microstructure of the 
specimen, it is not possible to calculate the magnetic anisotropy of the hard magnetic A1 
regions form the bulk magnetization measurements. So far it has not been possible to isolate 
the A1 regions for the measurement of its intrinsic magnetic properties. However, indirect 
methods like singular point detection (SPD) and magnetic viscosity have been used to 
approximate the anisotropy from the results of the polycrystalline Nd80Fe20 samples [125].  
The anisotropy constants calculated from SPD and magnetic viscosity measurements differ by 
an order of magnitude [125]. Another difficulty in calculating the anisotropy of the hard 
magnetic A1 phase regions is their uncertain value of the saturation magnetization, which 
cannot be obtained from bulk magnetization measurements due to the presence of the Nd-rich 
phase. 
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Figure 4.32: RT hysteresis loops of the Nd80Fe20 mold-cast rod (cooled at 150 K/s) 
measured along (solid line) and perpendicular (dashed line) to the length of the rod. The 
curves almost completely superimpose on each other indicating that there is no detectable 
shape anisotropy. 
 
In order to calculate the effective anisotropy constant Keff, high-field magnetization 
measurements made up to 40 T with a pulse-field magnetometer were used for fitting with a 
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law of approach to saturation. The magnetization near to saturation is usually expressed as 
[86]: 
H
H
aMM S 021 χ+


−=                         (Eq. 4.2) 
with 2
2
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4
S
eff
M
K
a =       (Eq. 4.3) 
where MS is the saturation magnetization, χ0 the high-field susceptibility, and a is a constant 
which is a function of MS and Keff (effective anisotropy constant). It has been reported [86] 
that the Eq. 4.2 is valid for the random anisotropy systems provided that: 
1. The applied field is higher than the exchange field Hex 
2. The anisotropy parameter d (single-ion random anisotropy constant) is higher than the 
exchange parameter J 
The field range of 30-40 T was used for fitting of the magnetization data to fulfill condition 
(1). Furthermore, condition (2) is justified because in the random anisotropy systems the 
minimum value of d/J is 3 for any appreciable value of coercivity [155]. Thus, on the basis of 
a relatively large coercivity of the Nd80Fe20 mold-cast rod, it can be unambiguously assumed 
that conditions (1) and (2) are satisfied. A straightforward method for obtaining the 
coefficients a and χ0 would be by fitting the experimental curve with the full expression on 
the right hand side of Eq. 4.2. But because of the large fraction of the paramagnetic Nd and 
Nd-rich phase in the Nd80Fe20 mold-cast rod, fitting gives dubious results, i.e., curves can be 
fitted for more than one combination of coefficients with the same accuracy. To avoid this 
uncertainty the value of χ0 was estimated independently according to the method proposed by 
Filippi et al. [165]. The differentiation of Eq. 4.2 gives: 
032
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                                   (Eq. 4.4) 
By plotting χ versus H-3, the high-field susceptibility χ0 is obtained as the y-axis intercept. 
Once χ0 is known, M-χ0H can be written as (from Eq. 4.2): 



−=− 21 H
aMHM Soχ                                                                                (Eq. 4.5) 
By fitting M-χ0H to Eq. 4.5, the coefficients MS and a and, hence, using Eq. 4.3, the values of 
Keff can be determined. The range of magnetic field used for fitting is found to be more critical 
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for the determination of the parameters. In this work the data were fitted in three different 
magnetic field regimes: 10-40, 20-40, and 30-40 T. The values of the effective anisotropy 
constant Keff, the anisotropy field Ha (2Keff/MS), and the saturation magnetization MS at room 
temperature for the Nd80Fe20 mold-cast rod are listed in Table 4.3. It is observed from the 
values of Keff and Ha that changing the field range for the fitting results in a notable variation 
in the parameter values. It is usually considered that the higher the field range, the less is the 
error in the parameters calculated by the fitting. For this reason, only the values obtained from 
the fitting in the field regime of 30-40 T are considered. The room temperature parameters for 
other hard magnetic materials like Nd2Fe14B and Sm2Fe17N2.9 are also listed in Table 4.3 for 
comparison. The Keff corresponds to K1 for Nd2Fe14B and K2 for Sm2Fe17N2.9 materials. The 
value of Keff for the Nd80Fe20 mold-cast rod at room temperature is significantly lower than 
that of Nd2Fe14B and Sm2Fe17N2.9. However, the anisotropy field Ha is higher in the case of 
the Nd80Fe20 mold-cast rod. This is due to its lower saturation magnetization. Furthermore, the 
validity of 2Keff/MS for random anisotropy magnets is not well understood. However, the 
values of Keff can be considered more reliable due to the large applied field.   
 
Table 4.3: Room temperature effective anisotropy constant (Keff), anisotropy field (Ha), and 
saturation magnetization (MS) for the Nd80Fe20 mold-cast rod obtained from the fitting of 
the magnetization by Eq. 4.5 in different ranges of the applied field. Corresponding 
properties of Nd2Fe14B and Sm2Fe17N2.9 hard magnetic materials are also given. 
Material Field range 
(T) 
Keff (J/m3)×106 Ha (T) MS (Am2/kg) 
10-40 0.71 9.65 20.9 
20-40 0.86 11.46 21.37 
 
Nd80Fe20 
30-40 1.4 17 23.34 
Nd2Fe14B [5]  4.9 7.3 176 
Sm2Fe17N2.9 [129]  8.4 21 106 
 
Figure 4.33 shows the temperature dependence of the anisotropy constant Keff and the 
anisotropy field Ha, obtained from fitting the magnetization data to Eq 4.5 for the Nd80Fe20 
mold-cast rod. The values of Keff reported by Givord et al. from SPD measurements are also 
shown in the graph. The values of Keff estimated from the fitting of high-field magnetization 
are in agreement with that obtained from SPD measurements. However, the values are one 
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magnitude lower than the Keff values measured by magnetic viscosity experiments. Givord et 
al. reported two different values of Keff at 100 K, i.e., 7×107 J/m3 (measured by magnetic 
viscosity) and 5.7×106 J/m3 (measured by the SPD method) [125]. In our case the fitting of 
the magnetization to a law of approach to saturation yields a value of 5.34×106 J/m3 at 100 K, 
which is closer to the values obtained from the SPD method. Furthermore, the values of the 
anisotropy field are very large compared to other hard magnetic materials. The absolute 
values of Ha obtained from the fitting may not be correct due to statistical errors involved in 
the fitting and the remaining paramagnetic contribution of the Nd-rich phase. Givord et al. put 
forward another explanation for the large values of the anisotropy field obtained from the 
magnetic viscosity experiments [125]. They argue that the calculated activation volume for 
the magnetization reversal in the A1 regions is very small, i.e., of the order of 400 nm3 at room 
temperature. The typical activation volume for hard magnetic materials is given by ~ 10δ3 (δ 
is the domain wall width). This would give a domain wall width size of about 3 nm at room 
temperature for the A1 regions. Such a narrow domain wall width is observed only in highly 
anisotropic materials. Therefore, the large values of Keff and Ha for the Nd80Fe20 mold-cast rod 
obtained from the fitting of magnetization are not unexpected. 
 
50 100 150 200 250 300
0
2
4
6
8
10
12
14
 K
eff from fitting
 K
eff from SPD
H
a 
(T
)
K
ef
f*
10
6  
(J/
m
3 )
Temperature (K)
15
20
25
30
35
40
45
50
 H
a
 
Figure 4.33: Temperature dependence of the anisotropy constant (Keff) obtained by fitting 
the magnetization to the law of approach to saturation (Eq. 4.5) and anisotropy field, Ha = 
2 Keff /MS for the Nd80Fe20 mold-cast rod (cooled at 150 K/s). The values of Keff measured 
by the SPD method [125] are also shown (open circles). Keff and Ha increase exponentially 
with temperature following a similar trend like the coercivity of the sample. 
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It is well known that the magnetization configuration of amorphous materials results from the 
competition between local anisotropy and long-range exchange interactions, which leads to 
the formation of so-called Imry and Ma domains [166]. Magnetic measurements involve a 
reorientation of such domains towards the field direction. In the Nd80Fe20 mold-cast rod, the 
HRTEM studies show the maximum size of crystallites in the A1 regions to be about 5 nm. 
Therefore, the clusters of Nd-Fe atoms, if they exist, must be smaller than 5 nm. If the size of 
the Imry and Ma domains is larger than the structurally correlated zones (clusters), the 
measured anisotropy will be an average value over an Imry and Ma like domain formed of 
several clusters. However, this is not the actual anisotropy involved in magnetization reversal. 
The anisotropy involved for the magnetization reversal is the average value of anisotropy in 
the activation volume, which is of the order of 10δ3 and much smaller than the Imry and Ma 
domains. Therefore, the anisotropy values measured from the SPD or magnetization fitting 
methods are usually far less than the actual anisotropy values operating in the activation 
volume. 
 
However, in the mold-cast Nd80Fe20 rod the large anisotropy values measured from the 
magnetization fitting suggest that the size of the Imry and Ma domains may be close to the 
size of a Nd-Fe cluster (< 5 nm). Hence, the anisotropy values are not averaged out but can be 
approximated from the law of approach to saturation and turn out to be indeed close to the 
anisotropy of a cluster, which justifies their large values. It can be clearly observed from Fig. 
4.33 that Keff and Ha increase exponentially with decreasing temperature. The thermal 
variation of the anisotropy constant and of the anisotropy field explains the temperature 
dependence of the coercivity of the Nd80Fe20 mold-cast rod (Fig. 4.27). A similar behavior of 
the coercivity, the anisotropy constant, and the anisotropy field clearly suggests that the origin 
of the coercivity for the Nd80Fe20 mold-cast rod is the random magnetic anisotropy of the Nd 
atoms in Nd-Fe clusters. 
  
Therefore, the following explanation for the coercivity of the Nd80Fe20 mold-cast rods 
containing the hard magnetic A1 regions is proposed: The A1 regions consist of Nd-Fe 
clusters. The Fe moments are ferromagnetically coupled and aligned parallel to each other. 
However, the Nd moments are oriented along their local easy axes in the upper hemisphere of 
the cluster (as shown in Fig. 4.31a), which are defined by the competition between the 
intracluster exchange interactions (JFe-Nd) and the single ion anisotropy of Nd3+. Therefore, the 
individual cluster can be treated as a small particle with uniaxial anisotropy. Then the A1 
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phase can be treated as an ensemble of such randomly oriented Nd-Fe clusters. The 
application of a magnetic field tends to change the orientation of the clusters magnetization 
away from their easy axis. However, the anisotropy energy of clusters resists the reorientation 
of the magnetization vector out of their easy axes. This explains the slope of the high-field 
magnetization for the Nd80Fe20 mold-cast rod even after subtracting the paramagnetic 
contribution (Fig. 4.28). Upon removing the field, the moments of the clusters direct 
randomly in the upper hemisphere (the sphere is divided into two equal parts; upper and lower 
hemispheres are along positive and negative directions of the applied field). Thus, removing 
the applied field, would result in a remanence value close to the half of the saturation 
magnetization. The application of a negative field tends to change the magnetization vectors 
of clusters from the upper hemisphere to lower hemisphere. To reverse the magnetization 
vectors from the upper hemisphere to the lower hemisphere an anisotropy barrier must be 
overcome. The presence of thermal activation may assist the magnetization to overcome the 
anisotropy barriers. Therefore, the overall coercivity is determined by the thermal variation of 
the anisotropy field, demonstrated in Fig. 4.33, which is similar to the temperature 
dependence of the coercivity shown in Fig. 4.27. Such a coercivity behavior has been 
observed for several amorphous alloys with random magnetic anisotropy [159]. One of the 
most well known examples is amorphous TbFe2 [165]. Takayama et al. reported that the local 
short-range order in the amorphous Nd-Fe films is close to the crystalline NdFe2 phase [167]. 
On the basis of analogy between the observed magnetic properties of Nd-Fe and Tb-Fe it can 
be assumed that the average composition of the Nd-Fe clusters in the A1 regions is close to 
NdFe2.    
 
4.3  Other RE-TM alloys 
The preceding sections reveal that the formation of the metastable “A1” regions and the 
absence of a crystalline NdFe2 Laves phase seem to be the prequisites for the large room 
temperature coercivity in rapidly quenched Nd-Fe alloys. It is well known that NdCo2 and 
DyFe2 are stable phases [6]. Therefore, to study the effect of other rare earth and transition 
metals on the formation of RETM2 Laves phases and its effect on their coercivity, Fe was 
partially replaced by Co in the Nd80Fe20 alloy and Nd was partially replaced by Dy. 
 
Figure 4.34 compares the XRD patterns of Nd80Fe20, Nd80Fe10Co10, and Nd40Dy40Fe20 mold-
cast rods (cooled at 150 K/s). As explained previously in section 4.1.1, the XRD pattern for 
the Nd80Fe20 mold-cast rod shows diffraction peaks that all match with hexagonal Nd. It is 
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clear from the XRD patterns (Fig. 4.34) that there is no significant change in the diffraction 
pattern upon partial replacement of Fe by Co. There is no indication about the formation of 
the NdCo2 or Nd(FeCo)2 Laves phases. In contrary, a partial substitution of Nd by Dy 
significantly modifies the XRD pattern.    
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Figure 4.34: XRD patterns of Nd80Fe20, Nd80Fe10Co10, and Nd40Dy40Fe20 mold-cast rods 
(cooled at 150 K/s). The XRD patterns show that a partial replacement of Fe by Co in the 
Nd80Fe20 rod does not change the structure and, therefore, the Nd80Fe20 and Nd80Fe10Co10 
mold-cast rods show similar XRD patterns consisting of Nd peaks. However, the 
Nd40Dy40Fe20 mold-cast rod shows XRD peaks of NdDy (rhombohedral) and DyFe2 (fcc) 
phases in addition to the Nd peaks. 
 
As marked in the XRD pattern of the Nd40Dy40Fe20 mold-cast rod, two additional phases 
NdDy (rhombohedral) and DyFe2 (fcc) are distinctly observed. Therefore, a partial 
substitution of Nd by Dy in Nd80Fe20 alloy results in the formation of an ordered NdDy phase 
and a DyFe2 Laves phase. The lattice constant of the Laves phase calculated from the XRD 
pattern is very close to that of DyFe2. There is no sign of a Dy substitution by Nd in the 
DyFe2 phase observed in the XRD pattern of the Nd40Dy40Fe20 mold-cast rod. The XRD 
results are also supported by the magnetic properties of the as-cast rods. Figure 4.35 shows 
the RT hysteresis loops of the Nd80Fe20, Nd80Fe10Co10, and Nd40Dy40Fe20 mold-cast rods. The 
Nd80Fe20 and Nd80Fe10Co10 mold-cast rods exhibit a hard magnetic behavior with a coercivity 
of 0.5 T. However, the hysteresis loop of the Nd40Dy40Fe20 mold-cast rod is typical for a soft 
magnet with negligible coercivity. It can be inferred from the XRD and the magnetic 
As-cast and annealed Nd-Fe binary alloys 88
measurements that the formation of the crystalline RETM2 Laves phase in the Nd-Fe alloys 
destroys the RT coercivity. The absence of crystalline NdFe2 Laves phase results in the 
formation of the metastable A1 regions with clusters of compositions close to NdFe2 
responsible for the large RT coercivity.  
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Figure 4.35:  RT hysteresis loops of Nd80Fe20, Nd80Fe10Co10, and Nd40Dy40Fe20 mold-cast 
rods indicating that the mold-cast Nd80Fe20 and Nd80Fe10Co10 rods exhibit a higher 
coecivity (0.5 T) than the Nd40Dy40Fe20 rod (0.08 T). This is due to the formation of the 
metastable A1 phase because the Nd(FeCo)2 Laves phase is not stable.  
 
The above results confirm that the formation of hard magnetic A1 regions is a direct 
consequence of the instability of the NdFe2 Laves phase. Due to the absence of the NdFe2 
phase the Fe-containing eutectic phase in Nd-rich Nd-Fe alloys solidifies in the form of 
randomly oriented Nd-Fe clusters of a size smaller than 5 nm provided the cooling rate is 
higher than 50 K/s. In most of the binary RE-TM alloys the eutectic is RE + RETM2. The 
RETM2 Laves phase is fcc (if RE is a light rare earth) and hcp (if RE is a heavy rare earth). In 
the Nd-Fe binary system the NdFe2 does not form under atmospheric conditions due to the 
large size of Nd and probably the contribution from its electronic structure. Therefore, in the 
Nd-Fe eutectic, certain regions of the alloy tend to become enriched in Fe, other regions in 
Nd. Since the mutual atomic mobilities of these elements are very low below the eutectic 
temperature, the alloy solidifies in a metastable state formed of the Fe-containing (A1) regions 
and the Nd-rich phase. Formation of Nd and Nd-rich phase will be faster since the eutectic 
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melt (Nd78Fe22) is enriched in Nd and, therefore, a diffusion of Nd atoms is required only over 
shorter distances. Opposite to this the formation of Nd2Fe17 (due to the absence of NdFe2) 
requires a long-range diffusion of Fe atoms. Therefore, the Fe-containing (A1) regions solidify 
as a mixture of Nd-Fe clusters/nanocrystallites during most practical cooling conditions.    
  
4.4  Summary 
In the first part of the chapter, the effects of composition and cooling rate on the phase 
formation in the Nd-Fe alloys are reported. It is observed that the eutectic composition is 
about Nd78Fe22. A phase analysis using XRD combined with metallographic studies shows 
that the Nd100-xFex mold-cast rods of 3 mm diameter (cooled at 150 K/s) contain: 
1. Primary crystallites of Nd and an eutectic of Nd + Nd2Fe17, for x  > 25. 
2. Primary crystallites of Nd and two eutectics regions, i.e., Nd + Nd2Fe17 and Nd + A1 
for x = 25. 
3. Primary crystallites of Nd and an eutectic-like region of Nd + A1, for x < 25. 
Along with the composition the cooling rate has a subtle effect on the phase formation. This 
fact is shown by the analysis of Nd80Fe20 alloys prepared at different cooling rates in the range 
of 5-150 K/s. The alloys cooled faster than 50 K/s solidify into a metastable eutectic-like 
structure Nd + A1. However, the alloy cooled at a rate below 25 K/s shows the presence of the 
Nd2Fe17 phase. The A1 regions are metastable and transform into Nd2Fe17 upon annealing at 
773 K for 10 h and further into Nd5Fe17 after a long time (24 h) annealing. The A1 regions 
form as a fine eutectic, which appear like an amorphous phase in the TEM micrographs 
because of their extremely fine size. The average composition of the A1 regions is estimated to 
Nd56Fe44 using line scans and elemental mapping. This composition may not be accurate due 
to scattering effects from the surrounding Nd crystallites. This implies that the true 
composition of the A1 phase contains more Fe than Nd54Fe46. The HRTEM image of the A1 
phase reveals the presence of crystallites of about 5 nm size. Due to the small size of the 
crystallites it was not possible to define their accurate stoichiometry. The formation of the 
metastable eutectic Nd + A1 is attributed to the limited atomic mobilities and the instability of 
the NdFe2 Laves phase. 
 
Magnetically, the samples containing the A1 regions show a relatively large coercivity of 
about 0.5 T at room temperature and a Curie temperature in the range of 515-544 K. A 
detailed coercivity analysis was done for the mold-cast Nd80Fe20 rod of 3 mm diameter, which 
contains only two magnetic phases, i.e., Nd-rich and A1. Here, the Nd-rich phase refers to the 
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dhcp Nd and fcc Nd-Fe solid solution. Therefore, the magnetization of the Nd80Fe20 mold-cast 
rod has contributions of both the Nd-rich phase and the A1 regions. 
 
The dhcp Nd orders antiferromagnetically at about 19 K and 8 K whereas the fcc Nd-Fe solid 
solution orders ferromagnetically at 29 K. Although, the dhcp Nd and fcc Nd-Fe solid solution 
are paramagnetic above 29 K, the crystal field affects their magnetization up to 75 K in the 
paramagnetic state. Above 29 K, the paramagnetic susceptibility of the dhcp Nd and fcc Nd-
Fe solid solution results in unsaturated magnetization curves for the Nd80Fe20 mold-cast rod. 
The paramagnetic contribution of the Nd-rich phases above 29 K can be subtracted for the 
interpretation of the magnetic properties of the hard magnetic A1 regions.  
 
The A1 regions order ferromagnetically in the temperature range of 515-544 K depending on 
the cooling rate employed for sample preparation. This small variation in the ordering 
temperature is due to the fluctuation of the composition with the cooling rate. The A1 regions 
are hard magnetic, responsible for the square-like hysteresis loops of the Nd80Fe20 mold-cast 
rod. The coercivity of the A1 regions decreases exponentially with temperature according to a 
law (6.8×exp(-0.007T)) from which a maximum coercivity at 0 K can be estimated to 6.8 T. 
The high-field measurements in 40 T show that the magnetization curves are not saturated 
even after subtraction of the paramagnetic contribution. This indicates the presence of a 
strong magnetic anisotropy. 
 
The magnetic moment of Nd atoms is approximated to 0.5-2.2 Bµ , which is significantly 
lower than the free ion moment (3.26 Bµ ). Furthermore, the reduced remanence (Mr/MS) 
approaches 0.5 with increasing temperature from 50 to 300 K. These facts point towards the 
presence of a random magnetic anisotropy. The magnetic properties can be explained by 
considering the A1 regions as an ensemble of Nd-Fe clusters. The easy axes of the clusters are 
randomly oriented in the A1 regions. In the absence of a field the magnetization vectors of the 
clusters are directed along the average easy axes of the clusters. An increasing magnetic field 
aligns the magnetization vectors of the clusters towards the field direction. The full alignment 
of the magnetization is resisted by their anisotropy energy that gives rise to a continuous 
increase in the magnetization with field. After decreasing the field to zero the magnetization 
vectors of the clusters direct along their easy axes in the upper hemisphere resulting in a 
remanence close to one half of the saturation. The coercivity is given by an irreversible jump 
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of the magnetization from the upper hemisphere into the lower hemisphere. The field at which 
this irreversible jump occurs is proportional to the anisotropy. 
 
The value of the effective anisotropy constant Keff was estimated to 1.4×106 J/m3 at room 
temperature from a fitting of the high-field magnetization to a law of approach to saturation. It 
was observed that the anisotropy constant and the anisotropy field decay exponentially with 
temperature. This supports the random anisotropy cluster model and explains the temperature 
dependence of the coercivity of the Nd80Fe20 mold-cast rods. 
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5.   Ternary and quaternary Nd-(Fe,Co)-Al alloys 
In this chapter the structural, thermal, and magnetic properties of amorphous/partially 
crystalline Nd-Fe-Co-Al alloys are presented. As discussed in chapter 4, binary Nd-Fe 
eutectic alloys prepared by mold casting show a relatively large room temperature coercivity. 
The large coercivity is attributed to the metastable A1 regions, which are composed of Nd-Fe 
clusters. The fraction of these metastable A1 regions in binary Nd-Fe alloys is limited by the 
competing crystalline phases, i.e., Nd, Nd2Fe17, and Nd5Fe17. The crystalline phases can be 
greatly suppressed by increasing the number of elements [81]. This favors the formation of an 
amorphous structure as a combined effect of thermodynamic and kinetic aspects of crystal 
nucleation. For instance, the addition of specific elements lowers the melting temperature and 
thus improves the glass formation because the difference between melting temperature and 
glass transition temperature is reduced. Furthermore, the addition of elements which are 
chemically and topologically different from the other species frustrates crystal formation. 
Therefore, it is expected that the addition of Al and Co might significantly enhance the 
amorphous phase formation in Nd-Fe alloys. In this chapter the effect of Co and Al on the 
formation of the amorphous structure and on the physical properties of Nd-Fe alloys is 
presented. Additionally, the influence of the cooling rate is investigated by preparing these 
alloys using arc melting, copper mold casting, and melt spinning in an increasing trend of 
cooling rate.  
 
5.1  Phase analysis 
5.1.1  X-diffraction 
Arc-melted ingots 
Although the true equilibrium phases are determined from heat-treated samples, slowly 
cooled arc-melted alloys reveal important information about the competing crystalline phases. 
These competing phases must be suppressed by applying higher quenching rates to obtain an 
amorphous phase. The amorphous phase formation by the addition of more elements is 
demonstrated in Fig. 5.1, which shows the effect of Al additions on the binary Nd60Fe40 alloy 
by comparing the XRD patterns for the Nd60Fe40, Nd60Fe35Al5, and Nd60Fe30Al10 arc-melted 
ingots. The XRD pattern for the binary Nd60Fe40 ingot could be indexed by three phases, dhcp 
Nd, Nd2Fe17, and Nd5Fe17. It is evident from the XRD pattern of the ternary Nd60Fe35Al5 ingot 
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that a small replacement of Fe by Al in the Nd60Fe40 significantly changes the resulting 
phases. The intensity of the diffraction peaks corresponding to the Nd2Fe17 phase is reduced 
and the Nd5Fe17 peaks are completely absent in the XRD pattern for the Nd60Fe35Al5 arc-
melted ingot (Fig. 5.1). A further increasing Al content from 5 to 10 at.% results in the 
formation of the tetragonal ternary Nd6Fe11Al3 (δ) compound as shown in the XRD pattern for 
the Nd60Fe30Al10 ingot. These results clearly indicate that the addition of Al to binary Nd60Fe40 
alloys remarkably modifies the phase sequence. The formation of the δ phase requires a 
rearrangement and a diffusion of 3 elements, which is kinetically more hindered than in the 
binary Nd2Fe17 and Nd5Fe17 compounds.   
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Figure 5.1: XRD patterns for the Nd60Fe40-xAlx (x = 0, 5, 10) arc-melted ingots. The 
binary Nd60Fe40 ingot solidifies into the three crystalline phases Nd, Nd2Fe17, and 
Nd5Fe17. A partial replacement of Fe by Al suppresses the binary Nd5Fe17 and reduces the 
fraction of the Nd2Fe17 phase as shown in the XRD pattern for the x = 5 ingot. An increase 
in the Al content from 5 to 10 at.% results in the formation of the ternary Nd6Fe11Al3 
tetragonal phase. No peaks of binary phases are observed for the Nd60Fe30Al10 arc-melted 
ingot. 
 
The compositions for the formation of an amorphous structure in the Nd-based alloys can be 
further optimized by using a combination of Fe and Co instead of a single transition metal 
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(Fe) in the Nd60Fe30Al10 alloy. The change in phase sequence by varying the Co-to-Fe ratio in 
the Nd60Co30-xFexAl10 arc-melted ingots is shown in Fig. 5.2. The Nd60Co30Al10 and 
Nd60Co20Fe10Al10 ingots show identical XRD patterns, which are indexed with Nd3Co and 
Nd(Co,Al)2. On the other hand, the XRD pattern for the Nd60Co10Fe20Al10 ingot can be 
completely indexed with three phases, i.e., Nd, Nd3Co, and δ. It is clear from the XRD 
patterns (Fig. 5.2) that all Co-containing Nd60Co30-xFexAl10 ingots contain the Nd3Co 
(orthorhombic) phase and the Co-free Nd60Fe30Al10 ingot contains dhcp Nd and the δ phase.  
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Figure 5.2: XRD patterns of arc-melted Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) ingots showing the 
change in phase sequence with varying Fe/Co ratio. All the Co-containing ingots contain 
the binary Nd3Co phase. However, with increasing Fe content, the diffraction peaks of the 
ternary δ phase become visible.  
 
The trend of the crystalline phases observed for the Nd60Co30-xFexAl10 arc-melted ingots can 
be interpreted as follows: the Nd60Co30Al10 ingot solidifies into Nd3Co and Nd(Co,Al)2. By 
substituting Co with Fe in the Nd60Co30Al10 alloy, the fraction of the Nd3Co phase decreases 
due to the lower Co concentration. This leaves plenty of free Nd, a fraction of which forms 
Nd6Fe11Al3 and the remaining crystallizes as dhcp Nd. The amount of dhcp Nd increases with 
increasing Fe content in the Nd60Co30-xFexAl10 ingots. This is clearly evidenced in the XRD 
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pattern for the Nd60Fe30Al10 ingot, where the absence of the Nd3Co compound results in the 
formation of a large amount of the Nd phase.  
 
Mold-cast rods 
Figure 5.3a shows the XRD patterns of Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys prepared by 
copper mold casting in the form of rods with 3 mm diameter and 40 mm length. The XRD 
patterns of the as-cast bulk rods show a clear trend to a pronounced crystallinity with 
increasing Fe content. The as-cast rods with x = 0 and 5 exhibit a typical broad halo of an 
amorphous or nanocrystalline structure. In contrast, the as-cast x = 15, 20, 25, and 30  rods 
exhibit a partially crystalline structure mainly consisting of Nd peaks superimposed on a 
broadened hump. Apart from this trend of increasing crystallinity with Fe content, the rod 
with x = 10 shows a significantly different behavior. The sample exhibits diffraction peaks 
corresponding to Nd3Co and some peaks (marked with ?), which could not be indexed with 
any known Nd-Fe or Nd-Fe-Al phase. These unidentified peaks are observed only in the 
mold-cast rod with x = 10. The peculiar behavior of the Nd60Co20Fe10Al10 alloy is discussed at 
the end of this section. The samples with higher Fe-content (x >10) mainly show the 
diffraction peaks of Nd. However, weak peaks corresponding to the tetragonal Nd6Fe11Al3 
phase are also present, which cannot be distinctly observed due to their low intensity. 
Therefore, among the Nd60Co30-xFexAl10 mold-cast rods prepared under the same conditions, 
the tendency to form an amorphous structure decreases with increasing Fe content.  
 
Melt-spun ribbons  
Figure 5.3b shows the XRD patterns of Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys prepared by melt 
spinning. The ribbons are 50-80 µm thick and 2 mm wide. The XRD patterns are taken from 
the surface free side, which was not in contact with the copper wheel. The XRD patterns for 
the melt-spun ribbons with an Fe-content, x ≤ 10 show broad halos, which are characteristic 
features of an amorphous structure. However, the ribbon with x = 20 displays weak but 
detectable crystalline peaks superimposed on the broad halo. As indicated in Fig. 5.3b, the 
majority of the diffraction peaks can be indexed by Nd but additional peaks corresponding to 
tetragonal Nd6Fe11Al3 appear for the ribbons with an Fe content higher than 10 at.%. The 
ribbon with x = 30 exhibits sharp diffraction peaks of Nd and the δ phase. Among the Nd 
peaks, the intensity of the (004) reflection is highest indicating the presence of a strong 
texture along the c-axis perpendicular to the ribbon surface. However, a diffuse background 
can be still observed indicating the formation of a partially amorphous structure. 
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Figure 5.3: XRD patterns of Nd60Co30-xFexAl10 alloys prepared by (a) copper mold 
casting, (b) melt spinning. The mold-cast rods exhibit an amorphous structure when x = 5, 
Nd3Co and an unidentified phase for x = 10, and Nd and an amorphous phase for x > 10. 
The ribbons with x ≤ 10 show only a broad halo. The ribbons with x > 10 show the 
formation of Nd and the δ phase together with an amorphous phase.  
 
The XRD results of the Nd60Co30-xFexAl10 alloys prepared by different methods are 
summarized in Table 5.1. The binary Nd60Fe40 alloy prepared by arc melting solidifies into 
three crystalline phases Nd, Nd2Fe17, and Nd5Fe17. However, these crystalline phases can be 
(b) 
(a) 
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partially/completely suppressed either by increasing the cooling rate or by replacing partly Fe 
with Al. A similar effect of Al was observed in the Nd-Co binary alloys. As listed in Table 5.1, 
binary Nd60Co40 alloys prepared by copper mold casting and arc melting are composed of 
crystalline Nd3Co and Nd4Co3. In contrast, a partial substitution of Co with Al improves the 
glass-forming ability and even a moderate cooling rate is sufficient to obtain an amorphous 
structure for the ternary Nd60Co30Al10 mold-cast rod. This improvement in glass forming 
ability by the addition of Al must be related to the kinetic hindrance for the growth of 
equilibrium crystalline phases. On the basis of these observations, it can be expected that 
using a combination of Fe and Co in Nd60Co3Al10 alloys (further multiplication of alloy 
components) would promote the formation of an amorphous structure. However, this is not 
observed in the Nd60Co30-xFexAl10 alloys because an increase in the Fe content results in the 
precipitation of Nd crystallites. This is because the decrease in Co content reduces the amount 
of Nd3Co phase and, consequently, the remaining Nd crystallizes as the dhcp Nd phase. A 
higher cooling rate is required to avoid the formation of Nd crystallites, and therefore, the 
Nd60Co30-xFexAl10 (x ≥ 10) mold-cast and melt-spun alloys show XRD patterns with dhcp Nd 
peaks superimposed on an amorphous background. Kinetically it is easier to suppress the 
ternary Nd6Fe11Al3 crystalline phase compared to elemental Nd.   
 
Table 5.1: Summary of the XRD results for Nd60Fe40, Nd60Co40, and Nd60Co30-xFexAl10 
alloys prepared by arc melting, mold casting and melt spinning. 
Alloy Arc-melted ingots Mold-cast rods Melt-spun 
ribbons 
Nd60Fe40 Nd, Nd5Fe17, Nd2Fe17 Nd, Nd2Fe17, A1 Nd, broad hump 
Nd60Fe35Al5 Nd, Nd2Fe17 Nd, A1  
Nd60Fe30Al10 Nd, δ  Nd, broad hump 
δ
  
Nd, broad hump 
δ
  
Nd60Co10Fe20Al10 Nd3Co, Nd, and δ Nd, broad hump Nd, broad hump 
Nd60Co20Fe10Al10 Nd3Co, Nd(CoAl)2 Nd3Co, unidentified 
phase and broad hump 
Broad hump 
Nd60Co25Fe5Al10 Nd3Co, Nd(CoAl)2 Broad hump Broad hump 
Nd60Co30Al10 Nd3Co, Nd(CoAl)2 Broad hump Broad hump 
Nd60Co40 Nd3Co, Nd4Co3 Nd3Co, Nd4Co3 Broad hump 
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As shown in the XRD patterns for the Nd60Co30-xFexAl10 mold-cast rods (Fig. 5.3a), the x = 10 
sample shows a peculiar behavior compared to the other samples. To check the reproducibility 
of the results, the x = 10 composition was cast using three different methods, die casting, 
suction casting, and centrifugal casting. Figure 5.4 shows the XRD patterns for the 
Nd60Co20Fe10Al10 as-cast rods prepared by the different methods. It can be observed from the 
XRD patterns that all the Nd60Co20Fe10Al10 rods show similar diffraction peaks. The XRD 
peaks are broader for the die-cast specimen compared to the suction-cast and centrifugally-
cast specimens. This difference is due to the different cooling rates. The higher cooling rate in 
the die-cast specimens produces finer crystallites, and hence, broader XRD peaks. However, 
the peak positions are not changed, which implies that the peculiar structure for the 
Nd60Co20Fe10Al10 alloy is reproducible despite different preparation methods. As marked in 
the XRD patterns (Fig. 5.4), the majority of the peaks matches with the Nd3Co phase. 
Additional unidentified peaks may belong to a metastable phase because these peaks are not 
observed for the Nd60Co20Fe10Al10 arc-melted ingot. From the XRD results for the  
Nd60Co30-xFexAl10 alloys prepared by different methods it is clear that the x = 10 alloy requires 
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Figure 5.4: XRD patterns of Nd60Co20Fe10Al10 rods prepared by suction, centrifugal and 
die casting. All three specimens show unidentified peaks in addition to the Nd3Co phase.  
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a higher cooling rate to form an amorphous structure. This may be related to the fact that the 
Nd:Co ratio in the Nd60Co20Fe10Al10 alloy resembles exactly the stoichiometry of the 
equilibrium Nd3Co phase. Therefore, the formation of the Nd3Co compound would require a 
diffusion of Nd and Co atoms over a small distance resulting in a high nucleation rate. This 
might explain the higher critical cooling rate for the Nd60Co20Fe10Al10 alloy.    
 
5.1.2  Microstructural characterization 
Mold-cast rods 
Figure 5.5 shows SEM back-scattered micrographs taken from the cross-section of  
Nd60Co30-xFexAl10 mold-cast rods. The Fe-free sample (x = 0) displays a featureless 
microstructure indicating the formation of a homogeneous phase in the sample. The EDX 
analysis shows that the average composition (Nd57Co32Al11) measured over 4 different points 
is close to the nominal composition within the statistical error of about ±3%. In contrast, the 
micrographs of the Fe-rich mold-cast rods display an inhomogeneous microstructure as shown 
in Figs. 5.5(b-d) for Nd60Co25Fe5Al10, Nd60Co20Fe10Al10, and Nd60Co15Fe15Al10, respectively. 
These samples with an Fe-content of 5, 10, and 15 at.% exhibit common microstructural 
features containing a bright matrix A and dark globular regions B. The composition analysis 
indicates that the matrix A contains higher Nd and Co concentrations compared to the 
corresponding dark regions B, which contain a higher Fe concentration than the matrix. The 
average composition of the matrix A is Nd58Co28Fe2Al12, Nd59Co23Fe5Al13, and 
Nd67Co21Fe3Al9 for the mold-cast rods with Fe contents of 5, 10, and 15 at.%, respectively. 
The composition of the dark globular regions B for the respective samples is 
Nd56Co25Fe7Al12, Nd47Co18Fe22Al13, and Nd51Co15Fe24Al10. The average size of the dark 
regions increases from 0.5 to 3 µm with increasing Fe content in the mold-cast Nd60Co30-
xFexAl10 rods. In addition, the dark regions are inhomogeneous and show a decreasing Fe 
content from the center of the regions towards the boundary. Figure 5.5d clearly shows that 
the centers of the B regions are darker indicating their enrichment in Fe.  
 
With an increasing Fe content up to 20-30 at.% the back-scattered (compositional) contrast 
between matrix A and the globular dark regions B diminishes as shown in Figs. 5.5e-f. This 
implies that the composition difference between the bright matrix and the dark globular 
regions decreases with the increase of the Fe content for more than 15 at.% in the Nd60Co30-
xFexAl10 mold-cast rods. However, the micrographs of mold-cast rods with 20 and 30 at.% Fe 
reveal the presence of additional phases apart from the bright and dark regions. As indicated 
in the micrographs (e and f) two additional crystallites (black dendrites and white grains) are 
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Figure 5.5: SEM back-scattered micrographs taken from the cross-sections of mold-cast 
Nd60Co30-xFexAl10 rods with (a) x = 0, (b) x = 5, (c) x = 10, (d) x = 15, (e) x = 20, and (f) x = 
30. The sample with x = 0 shows a featureless homogeneous micrograph with nominal 
composition. However, the samples with 5 ≤ x ≤ 15 display an inhomogeneous 
microstructure consisting of Nd-rich regions (A) and regions with more Fe (B). With a 
further increase in the Fe concentration to 20-30 at.%, the formation of Nd and the δ phase 
is observed. 
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observed for the Nd60Co10Fe20Al10 and Nd60Fe30Al10 samples. The estimated composition of 
the black dendrites is Nd34Co8Fe49Al9, which closely matches the composition of the 
tetragonal δ phase, Nd30Fe62-xAl8+x (0 < x < 17). The white grains are identified as Nd 
crystallites, which contain no detectable amount of Fe or Al. Table 5.2 lists the average 
compositions of the dark and the white regions deduced from the EDX analysis of the 
Nd60Co30-xFexAl10 mold-cast rods. The calculated compositions are average values because 
the EDX signal comes from a region of about 5 µm, which, in some cases, is larger than the 
size of the individual microstructural features. It is evident from Table 5.2 that the apparent 
composition difference between bright and dark regions is related to the Nd and the Fe 
content. The Co content is also preferentially higher in the bright matrix but the Al 
concentration does not follow any trend. The composition difference between bright and dark 
regions decreases with increasing Fe content above 15 at.% in the Nd60Co30-xFexAl10 rods. 
According to the SEM and EDX investigations, the addition of Fe to the Nd60Co30Al10 alloy 
results in the formation of two regions with different compositions; one with more Nd and Co 
(bright matrix) and the other with a higher Fe content (dark regions). The increase in Fe 
concentration to above 15 at.% results in the precipitation of Nd and the tetragonal δ phase. 
 
Table 5.2: Composition of the bright (A) and dark regions (B) observed in SEM 
micrographs of mold-cast Nd60Co30-xFexAl10 rods (Fig. 5.5). Any inclusions observed are 
also listed. 
Alloy Bright region (A) Dark region (B) Inclusions 
Nd60Co30Al10 Nd57Co32Al11 homogeneous matrix  
Nd60Co25Fe5Al10 Nd58Co28Fe2Al12 Nd56Co25Fe7Al12  
Nd60Co20Fe10Al10 Nd59Co23Fe5Al13 Nd47Co18Fe22Al13  
Nd60Co15Fe15Al10 Nd67Co21Fe3Al9 Nd51Co15Fe24Al10  
Nd60Co10Fe20Al10 Nd66Co14Fe7Al13 Nd54Co11Fe25Al10 δ 
Nd60Co5Fe25Al10 Nd63Co6Fe22Al9 Nd53Co5Fe33Al9  Nd, δ 
Nd60Fe30Al10 Nd65Fe25Al10 Nd55Fe35Al10 Nd, δ 
 
The SEM observations are not completely consistent with the XRD results, which show the 
diffraction peaks of hexagonal Nd but no detectable peaks from the tetragonal δ phase for the 
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Nd60Co30-xFexAl10 mold-cast alloys with Fe contents higher than 10 at.%. In contrary, the 
SEM micrograph (Fig. 5.5f) of the Nd60Fe30Al10 mold-cast rod shows the presence of a large 
fraction of δ dendrites. This discrepancy indicates that the actual amount of crystalline Nd 
present in the mold-cast rods is much higher than observed in the SEM micrograph. 
Therefore, it is possible that the featureless regions A and B contain Nd nanocrystallites that 
cannot be resolved in the SEM micrographs. To clarify this aspect, two representative 
samples, Fe-free (Nd60Co30Al10) and Fe-richer (Nd60Fe30Al10) were analyzed by TEM. Figure 
5.6a shows the TEM bright-field image of the Nd60Co30Al10 mold-cast rod. The micrograph 
does not show any characteristic crystalline features. The corresponding selected area 
diffraction (SAD) pattern shown in the inset of Fig. 5.6a displays diffuse rings typical for an 
amorphous structure. This, together with the previous XRD and SEM investigations, confirms 
the formation of an amorphous structure. Conversely, the TEM bright-field image (Fig. 5.6b) 
of the Nd60Fe30Al10 mold-cast rod shows fine nano-sized Nd crystallites with a size below 15 
nm in an amorphous matrix. There is a substantial amount of amorphous phase present along 
with the Nd crystallites, which is consistent with the XRD results. The lattice constants 
calculated from the SAD pattern (inset of Fig. 5.6b) are a = 0.372 nm and c = 1.197 nm, 
which are close to the values for the hexagonal Nd (a = 0.364 nm and c = 1.175 nm). Along 
with the dhcp Nd crystallites, there are also other crystals, which yield complex diffraction 
patterns. These crystallites (40-70 nm) were identified as the δ phase (according to their 
 
 
 
Figure 5.6: (a) TEM bright-field image and the corresponding diffraction pattern of a mold-
cast Nd60Co30Al10 rod showing the formation of an amorphous structure; (b) TEM bright-
field image and the corresponding diffraction pattern of a mold-cast Nd60Fe30Al10 rod 
showing nano-sized Nd crystallites embedded in an amorphous phase. 
(a) 
50 nm  
(b) 
Nd 
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composition). However, it was not possible to record low angle zone-axis diffraction patterns 
to confirm the tetragonal structure of the δ phase.  
 
Melt-spun ribbons 
Figures 5.7a-b show cross-sectional SEM micrographs for melt-spun Nd60Co30Al10 and 
Nd60Fe30Al10 ribbons, respectively. The Nd60Co30Al10 (Fig. 5.7a) ribbon shows a 
homogeneous microstructure with no composition or topographic contrast except few 
scratches stemming from sample polishing. The average composition determined by EDX 
analysis is about Nd55Co32Al13. The error in the elemental composition is less than ±3 at.%. 
 
  
  
Figure 5.7: (a) SEM back-scattered image of a Nd60Co30Al10 melt-spun ribbon showing a 
featureless homogeneous matrix. (b) Micrograph of a Nd60Fe30Al10 melt-spun ribbon 
showing Nd dendrites embedded in a matrix. TEM image combined with diffraction 
pattern (c & d) revealing that the matrix is further composed of nano-sized (10-15 nm) Nd 
crystallites surrounded by an amorphous matrix in the Nd60Fe30Al10 melt-spun ribbon. 
 
Figure 5.7b shows the micrograph of the Nd60Fe30Al10 melt-spun ribbon. It reveals the 
formation of Nd dendrites embedded in a matrix of composition Nd55Fe33Al12. The important 
(a) 
(c) 
(b) 
(d) 
50 nm  
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difference between the melt-spun ribbons and the mold-cast rods is the absence of 
inhomogeneous Nd-rich and Fe-rich regions in the melt-spun ribbons. Figures 5.7c-d show a 
TEM bright-field image and the corresponding diffraction pattern of the Nd60Fe30Al10 melt-
spun ribbon. The TEM image clearly shows the presence of crystallites with an average size 
of 10-15 nm. The d-values calculated from the corresponding diffraction pattern match with 
hexagonal Nd. However, in these TEM studies the formation of the δ phase could not be 
confirmed as indicated by the XRD pattern (Fig. 5.3b). This is because in the TEM 
investigations only a small area of the sample is analyzed, which may not have all the sample 
characteristics. Therefore, for the overall phase analysis, the XRD results should be reliable 
more in the sense to represent the bulk of the sample. 
 
5.2  Thermal analysis 
The thermal properties of amorphous materials include the measurement of the glass 
transition temperature (Tg), the crystallization temperature (Tx), and the liquidus temperature 
(Tl). Using these parameters one can calculate the thermal stability of an amorphous structure 
and the glass-forming ability (GFA) of the alloy under consideration. It has been reported that 
the alloys with large values of the reduced glass transition temperature Trg (= Tg/Tl) have a 
large glass-forming ability (GFA) manifested by their low critical cooling rate (Rc) and large 
maximum amorphous sample thickness [168]. A new parameter ϒ (= Tx/(Tg+Tl)) has been also 
reported to indicate large GFA [169]. In some of the metallic glasses the endothermic signal 
due to Tg is not seen in the conventional DSC curves due to the intervention of crystallization 
events. In such alloy systems either temperature-modulated DSC is used to separate the 
reversible Tg from the irreversible Tx or the reduced crystallization temperature Txg (= Tx/Tl) is 
used as an estimation of the upper limit for Trg. The supercooled liquid regime (∆Tx = Tx-Tg; 
where Tx is the first crystallization event) measures the thermal stability of the supercooled 
liquid against crystallization. Most of the above-mentioned thermal parameters can be 
calculated from the constant heating rate DSC measurements. These experiments are usually 
supplemented with isothermal DSC measurements to study the crystallization behavior. In 
conventional constant heating rate DSC experiments, the samples are heated twice at the same 
heating rate and the second heating curve is subtracted as a baseline. However, in the present 
studies, the baseline subtraction is not performed because the subtraction of the second 
heating results in dubious exothermic events, which are not related to any true phase 
transition. Therefore, only the first heating curves are shown. 
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Mold-cast rods 
As shown in Fig. 5.8, the DSC curves recorded at a constant heating rate of 20 K/min for the 
Nd60Co30-xFexAl10 mold-cast rods show a strong dependence on composition. The 
Nd60Co30Al10 mold-cast rod shows a glass transition with an onset at Tg = 489 K followed by 
three exothermic crystallization events with onsets at Tx1 = 516 K, Tx2 = 558 K, and Tx3 = 582 
K.  The Nd60Co25Fe5Al10 mold-cast rod also shows a glass transition with an onset at nearly 
the same temperature (488 K). However, the first crystallization temperature decreases with 
increasing Fe content to Tx1 = 503 K for the x = 10 mold-cast rod. This decrease in Tx1 masks 
the endothermic signal Tg, which is only a weak function of composition for a particular alloy 
system [168]. The exothermic peaks in the range of 500-600 K correspond to the  
    
 
Figure 5.8: DSC curves of Nd60Co30-xFexAl10 mold-cast rods recorded at 20 K/min. The 
rods with x ≤ 5 show Tg (~ 489 K) followed by multi-step crystallization events (Tx1, Tx2, 
Tx3). The rods with x > 5 do not show a distinct Tg. However, an additional high 
temperature exothermic peak (Tx4) is observed for the Fe-containing rods, which becomes 
more pronounced with increasing Fe content. 
 
crystallization of Nd3Co and Nd(CoAl)2 phases in the case of the Co-containing samples. The 
low temperature (500-600 K) exothermic events are absent in the DSC curves of the mold-cast 
rods with x > 10. This is due to the partially crystalline nature of the as-cast rods that already 
contain quenched-in Nd crystallites. However, these rods with x ≥ 10 show a broad exothermic 
hump in the temperature interval of 600-770 K, which is related to the grain growth of 
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quenched-in crystallites and the precipitation of nanocrystals from the amorphous phase. To 
verify this, the Nd60Co10Fe20Al10 mold-cast rod was chosen for isothermal DSC experiments. 
The sample was heated at 20 K/min to the annealing temperature. Figure 5.9a shows the 
isothermal annealing curve for the Nd60Co10Fe20Al10 mold-cast rod recorded at 580 K, which 
consists of two different sections, an exothermic peak from 16 to 20 min followed by a 
monotonically decreasing signal after 20 min. An exothermic peak in the isothermal DSC 
experiments originates from nucleation-and-growth of crystallites while a monotonically 
decreasing heat flow is related to the grain growth of existing crystallites [170]. Therefore, the 
isothermal DSC curve for the Nd60Co10Fe20Al10 mold-cast rod at 580 K (Fig. 5.9a) can be 
interpreted as a combined effect of nucleation-and-growth of new crystallites and the growth 
of preexisting quenched-in nuclei. To identify the crystallization products the annealed sample 
was examined by XRD and the corresponding diffraction pattern is shown in Fig. 5.9b. It 
shows the sharp diffraction peaks of Nd and of the Nd3Co phase after annealing at 580 K for 2 
h. The average crystallite size of the Nd and Nd3Co grains calculated using the Debye-
Scherrer formula is about 87 and 130 nm, respectively. This supports the observations drawn 
from the isothermal DSC annealing that the broad exotherm in the temperature range of 600-
770 K in the constant heating rate DSC curves (Fig. 5.8) for the Nd60Co30-xFexAl10 (x ≥ 10) 
mold-cast rods corresponds to the nucleation of Nd and Nd3Co crystallites and the grain 
growth of the pre-existing crystallites.   
 
In addition to the broad exotherm (600-770 K), the Fe-containing Nd60Co30-xFexAl10 mold-
cast rods show another exothermic peak (Tx4) in the range of 780-820 K, which is not 
observed in the Fe-free sample. This peak becomes more prominent with increasing Fe 
content indicating the crystallization of Fe-containing phase. The XRD patterns of the 
Nd60Co10Fe20Al10 mold-cast rod annealed at 873 K for 2 h is shown in Fig. 5.9b. It shows the 
diffraction peaks of Nd, Nd3Co, and the δ phase. From these results it can deduced that the 
exothermic peak Tx4 is related to the crystallization of the δ phase.  
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Figure 5.9: (a) Isothermal annealing at 580 K for the Nd60Co10Fe20Al10 mold-cast rod 
shows two different sections (exothermic peak at 16-20 min) due to nucleation-and-
growth of new crystallites and (monotonically decreasing signal after 20 min) due to grain 
growth process. (b) XRD patterns for the Nd60Co10Fe20Al10 mold-cast rod in the as-cast 
state and after annealing at 580 K (2 h) and 873 K (2 h). It shows the formation of Nd and 
Nd3Co crystallites after annealing at 580 K. The sample annealed at 873 K for 2 h 
displays additional peaks from the δ phase indicating that the exothermic peak with Tx4 in 
the DSC curves (Fig. 5.8) is due to the crystallization of the δ phase. 
 
Additional feature in the DSC curves for the Nd60Co30-xFexAl10 mold-cast rods (Fig. 5.8) is the 
endothermic signal above 800 K. According to the Nd-Fe, Nd-Co, and Nd-Al phase diagrams, 
Nd-Co eutectic alloys show the lowest melting temperature (839 K). Therefore, the 
(b) 
(a) 
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endothermic peaks observed in the DSC curves for the Nd60Co30-xFexAl10 mold-cast rods are 
related to the partial melting of Nd-rich Nd-Co phases. It can be clearly seen from the DSC 
curves that the melting temperature Tm increases with increasing Fe content in  
Nd60Co30-xFexAl10 mold-cast rods. The rods with x = 25 and 30 do not show any melting event 
up to a maximum temperature of 873 K. According to the Trg criterion the glass-forming 
ability of the Co-rich samples is higher compared to the Fe-rich samples. However, the 
temperature of the main crystallization peak Tx4 is very close to the melting temperature in the 
Fe-rich mold-cast samples.  
 
Melt-spun ribbons 
Figure 5.10 presents the DSC curves for the Nd60Co30-xFexAl10 melt-spun ribbons recorded at 
a heating rate of 20 K/min. The Fe-free (x = 0) ribbon shows a distinct endothermic signal at 
481 K due to a glass transition followed by three exothermic crystallization peaks (Tx1  = 510 
K, Tx2 = 544 K, and Tx3 = 570 K). The sample shows a two-step melting behavior described 
by two endothermic events at 803 K and 847 K (marked in Fig. 5.10). The crystallization 
  
 
Figure 5.10: DSC curves of Nd60Co30-xFexAl10 melt-spun ribbons recorded at 20 K/min. 
The ribbons show a similar behavior like the mold-cast rods with a Tg (~489 K) for 
ribbons with x ≤ 5 and an additional exothermic peak (750-800 K) for the Fe-containing 
ribbons. 
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behavior is similar to the mold-cast rods where Nd3Co and Nd(CoAl)2 compounds are 
identified as crystallization products after annealing above 630 K. The DSC curve for the 
melt-spun Nd60Co25Fe5Al10 ribbon indicates that a partial substitution of Co with Fe shifts the 
first crystallization peak Tx1 to a lower temperature and the third crystallization peak Tx3 to a 
higher temperature. This decrease in Tx1 with increasing Fe concentration obscures the 
endothermic signal due to the glass transition. Therefore, for the Nd60Co30-xFexAl10 melt-spun 
ribbons and mold-cast rods with x > 5, it is not possible to separate glass transition and 
crystallization events from the conventional DSC curves. Additionally, the second exothermic 
peak Tx2 observed in the case of the Fe-free ribbons is absent in the Fe-containing ribbons. 
The small exothermic peak at Tx2 is due to the formation of the Nd(Co,Al)2 Laves phase, 
which is not formed for the Fe-containing Nd60Co30-xFexAl10 melt-spun ribbons and mold-cast 
rods. Another apparent difference between the Fe-free and the Fe-containing (x ≥ 5) ribbons is 
that the Fe-containing ribbons show an additional high-temperature exothermic peak Tx4 prior 
to melting. The phase formed upon this transformation is identified as the δ phase similar to 
the mold-cast rods as identified from the XRD patterns for the annealed samples (Fig. 5.9).  
 
Glass-forming ability 
The values of Tx1, Tx2, Tx3, Tx4, Tg, ∆Tx, Txg (= Tx1/Tl), and ϒ (= Tx/(Tg+Tl)) for the 
Nd60Co30-xFexAl10 (0 ≤ x ≤ 10) alloys prepared by melt spinning and mold casting are listed in 
Table 5.3. In the case of alloys with Fe contents of more than 5 at.%, no distinct glass 
transition can be detected from the conventional DSC curves due to the early crystallization. 
However, Li et al. calculated Tg to be 408 K and ∆Tx to 12 K for the Nd60Fe30Al10 melt-spun 
ribbons from temperature-modulated DSC results [171]. As shown in Table 5.3, the values of 
the crystallization temperatures for the Nd60Co30-xFexAl10 melt-spun ribbons are lower than for 
the corresponding mold-cast rods. This may be related to a different composition of the 
amorphous phase or to pre-existing crystallites in the mold-cast rods. Furthermore, mold-cast 
samples with a Fe content higher than 10 at.% do not show appreciable exothermic events 
below 600 K. However, for the melt-spun ribbons of similar compositions, small but 
detectable exothermic events below 600 K are observed. This is because the ribbons are 
amorphous while the mold-cast rods are partially crystalline. The mold-cast rods (x ≥ 10) 
already contain Nd and Nd3Co crystallites, which grow with increasing temperature and show 
a broad exothermic hump over a wide temperature range of 600-770 K. The small values of 
∆Tx = 20-29 K for the present alloys indicate a rather poor thermal stability of the supercooled 
Ternary and quaternary Nd-(Fe,Co)-Al alloys 
 
110
liquid compared to the Zr-based bulk metallic glasses, which show ∆Tx in the range of 40-60 
K [81]. Additionally, the previously reported Trg values for the Nd-based amorphous materials 
are calculated as a ratio of Tg to Tm (melting temperature). This calculation is an 
overestimation since the true Trg should be calculated as the ratio of Tg to Tl. Because the 
Nd60Co30-xFexAl10 alloys with x > 5 do not show a distinct Tg in the DSC curves (Figs. 5.8 & 
5.10), Tx1 was, therefore, used for the estimation of Txg (=Tx1/Tl). This assumption is justified 
because in the metallic glasses Tg is closely followed by Tx [64]. Thus, the first crystallization 
temperature Tx1 can be taken as an upper limit of Tg. According to this argument, the Trg 
values listed in Table 5.3 are the maximum possible Trg values for the Nd60Co30-xFexAl10  
 
Table 5.3: Crystallization temperatures (Tx1, Tx2, Tx3, Tx4), glass transition temperature (Tg), 
supercooled liquid region (∆Tx = Tx1-Tg), reduced crystallization temperature Txg (Tx1/Tl), 
and ϒ (Tx/(Tg+Tl)) for Nd60Co30-xFexAl10 melt-spun and mold-cast alloys. Previous data for 
the Nd-based alloys are also given. 
Fe content 
(x) 
Sample Tx1 
(K) 
Tx2 
(K) 
Tx3 
(K) 
Tx4 
(K) 
Tg 
(K) 
'Tx 
(K) 
Txg, b 
 
Rod 516 558 582  489 27 0.57, 0.37 0 
Ribbon 510 544 570  481 29 0.57, 0.35 
Rod 510 569 584 794 488 25 0.53 5 
Ribbon 501 578  756 481 20 0.52 
Rod 503   785   0.49 10 
Ribbon 491   748   0.48 
Rod   657 763   15 
Ribbon 481  644 753   
0.45 
Rod    782   20 
Ribbon 476  643 770   
0.44 
Rod    785   25 
Ribbon 466   749   
0.41 
Rod    778   30 
Ribbon    743   
 
Nd60Fe30Al10 ribbon 
[171] 
420 596  722 408 12 0.37, 0.28 
Nd60Co10Fe5Cu10Al15 
ribbon [80] 
492    457 35 0.59, 0.39 
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alloys. The Txg values for the Nd60Co30-xFexAl10 melt-spun and mold-cast alloys are less than 
0.6 indicating their poor glass forming ability. The Txg is maximum (0.57) for the Fe-free 
alloy and decreases with increasing Fe content in the Nd60Co30-xFexAl10 alloys. 
This maximum value is close to the value (0.59) reported by He et al. for the Nd-based alloys 
with small amounts of Fe [80]. These results clearly indicate that the glass-forming ability for 
the Nd60Co30-xFexAl10 alloys decreases with increasing Fe content. 
 
5.3  Magnetic properties 
5.3.1  Temperature dependence of magnetization 
Figure 5.11a presents the temperature dependence of magnetization for the Nd60Co30-xFexAl10 
mold-cast rods measured at an applied field of 1 T. For the rods with x ≥ 5, the magnetization 
versus temperature curves show two magnetic transitions at T1 = 32-52 K and T2 = 470-500 
K, which are similar to the results obtained for the binary as-cast Nd-Fe alloys discussed in 
chapter 4. For the Fe-free amorphous sample (x = 0), only a single transition (49 K) is 
observed. This clearly implies that the second transition (T2) is correlated to the Fe-containing 
phase. The crystalline phases present in the samples are hexagonal Nd (antiferromagnetic with 
TN = 19 K), hexagonal Nd3Co (ferromagnetic with TC = 27 K), and tetragonal δ 
(antiferromagnetic with TN = 240 K), which are all paramagnetic above room temperature. 
Therefore, the transition T2 above room temperature must be due to the Fe-richer phase (dark 
regions in the SEM micrographs) present in the specimens (Fig. 5.5). The variation in T2 from 
470-500 K with changing Fe/Co ratio is due to the change in chemical composition of the 
dark regions. On the other hand, the transition at T1 is due to a combined effect of ordering of 
Nd3Co and Nd below 52 K. The transitions at T1 and T2 are similar to the two magnetic 
transitions observed for the Nd80Fe20 mold-cast rod. Figure 5.11b shows the temperature 
dependence of magnetization for the Nd60Co30-xFexAl10 melt-spun ribbons, which display a 
similar trend as the mold-cast samples. The transition at T2 is more smeared-out for the melt-
spun ribbons compared to the mold-cast rods. The transition temperatures T1 and T2 for the 
Nd60Co30-xFexAl10 melt-spun and mold-cast alloys are listed in Table 5.4. The values of T1 are 
comparable for the melt-spun and mold-cast specimens. This is because T1 corresponds to the 
ordering temperature of crystalline Nd and the Nd3Co, which have a well-defined 
stoichiometry. However, the T2 values for the melt-spun ribbons are lower than the 
corresponding mold-cast rods due to the different variation in the local composition of the  
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Figure 5.11: Temperature dependence of magnetization for the Nd60Co30-xFexAl10 alloys 
prepared by (a) mold casting (b) melt spinning. The Fe-free mold-cast and melt-spun 
ribbons show a single magnetic transition at T1 (49 K). The Fe-containing mold-cast and 
melt-spun ribbons show two magnetic transition, i.e., at T1 (32-52 K) and T2 (470-500 K). 
T1 corresponds to the ordering of the Nd-rich crystalline phases Nd and Nd3Co. T2 is the 
Curie temperature of the Fe-rich amorphous/nanocrystalline phase.  
 
Fe-richer phase. The SEM micrographs of the melt-spun ribbons are considerably different 
from that of mold-cast rods (Figs. 5.5 and 5.7). The melt-spun ribbons do not exhibit a two-
phase structure like mold-cast rods. However, the similar temperature dependence of 
magnetization (Fig. 5.11) suggests that similar Nd-richer and Fe-richer regions might be 
(b) 
(a) 
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present, which are smaller than the detection limit of SEM. The magnetization at 1 T 
corresponding to the phase with the transition temperature T2 increases with increasing Fe 
content in the Nd60Co30-xFexAl10 mold-cast and melt-spun alloys. This increase manifests the 
increase in volume fraction of the phase with the Curie temperature T2. Thus, the  
Nd60Co30-xFexAl10 alloys prepared by mold casting and melt spinning are magnetically two-
phase materials with two transition temperatures, T1 and T2.  
 
Table 5.4: Transition temperatures (T1, T2), room temperature coercivity (HC), remanence 
(Mr), and saturation magnetization (Ms) for melt-spun and mold-cast Nd60Co30-xFexAl10 
alloys. Ms is calculated from the extrapolation of the M versus 1/H2 curves. 
Fe content 
(x) 
Sample T1 
(K) 
T2 
(K) 
HC 
(T) 
Mr 
(Am2/kg) 
Ms 
(Am2/kg) 
Rod 49     0 
Ribbon 49     
Rod 45 469 0.24 2.05 7.2 5 
Ribbon 44 450 0.01 0 6.7 
Rod 50 496 0.40 5.27 15 10 
Ribbon 52 483 0.05 2.43 13.7 
Rod 52 493 0.36 7.87 20 15 
Ribbon 53 480 0.07 3.4 18.8 
Rod 50 495 0.37 9.7 25.8 20 
Ribbon 54 479 0.08 5 23.8 
Rod 49 498 0.35 11.9 29.8 25 
Ribbon 51 480 0.13 6.9 28.6 
Rod 50 500 0.35 14.3 33.3 30 
Ribbon 48 477 0.25 9.4 32.7 
 
5.3.2  Hysteresis loops 
At 300 K 
The hysteresis loops for the Nd60Co30-xFexAl10 mold-cast rods measured at room temperature 
(RT) with a maximum applied field of 1.8 T are shown in Fig. 5.12. The Fe-free (x = 0) mold-
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cast rod exhibits a paramagnetic behavior with no magnetic hysteresis. In contrast, all the Fe-
containing mold-cast rods exhibit a magnetic hysteresis with a large coercivity. The coercivity 
increases from 0 to 0.4 T with rising Fe-content up to 10 at.% and remains nearly constant 
with further increase in the Fe-content. As the coercivity strongly depends on the 
microstructure, the constant coercivity value for the Nd60Co30-xFexAl10 (10 ≤ x ≤ 30) mold-cast 
rods suggests the formation of the same magnetic phases with similar microstructural features 
in these alloys. The hysteresis loops for the Nd60Co30-xFexAl10 mold-cast rods are not saturated 
at a maximum magnetizing field of 1.8 T. This may have two origins, a large random ion 
magnetic anisotropy of Nd atoms or a paramagnetic contribution from the Nd-rich phase.  
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Figure 5.12: Room temperature hysteresis loops for Nd60Co30-xFexAl10 mold-cast rods. 
The x = 0 cast rod is paramagnetic but the rods with x ≥ 5 show a hard magnetic behavior 
with a nearly constant coercivity of about 0.4 T 
 
Figure 5.13 shows the RT hysteresis loops for the Nd60Co30-xFexAl10 melt-spun ribbons. The 
samples with 0 < x < 10 exhibit a ferromagnetic behavior but no coercivity and remanence. 
However, the melt-spun ribbons with x > 10 show a hard magnetic hysteretic behavior with a 
maximum RT coercivity of 0.25 T for the x = 30 melt-spun ribbon. 
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Figure 5.13: Room temperature hysteresis loops for Nd60Co30-xFexAl10 melt-spun ribbons. 
The coercivity is very small for x < 10 and increases to 0.25 T for the x = 30 specimen. 
 
The RT coercivity, remanence, and saturation magnetization for the Nd60Co30-xFexAl10 melt-
spun and mold-cast alloys are tabulated in Table 5.4. The saturation magnetization is 
measured by extrapolating the magnetization versus inverse field (1/H2) curve to 1/H2 = 0, 
which corresponds to an infinite field. The value of the saturation magnetization is very 
sensitive to the range of the magnetic field selected for fitting. In the present calculations, a 
range of 5-8 T is used to calculate the saturation magnetization. The RT saturation 
magnetization increases linearly with increasing Fe-content. Therefore, it is apparent that Co 
does not carry a magnetic moment in the Nd60Co30-xFexAl10 alloys. It is known that the Co 
moment drops to zero at 49 at.% Nd in Nd-Co amorphous alloys [162]. Figure 5.14 compares 
the variation in remanence and coercivity as a function of Fe content for the Nd60Co30-xFexAl10 
melt-spun and mold-cast alloys. The remanence and coercivity are negligible for the melt-
spun ribbons with x < 10 and increase with increasing x ≥ 10. On the other hand, for the mold-
cast rods the remanence increases linearly with Fe content but there is no notable change in 
the coercivity for the rods with x > 5. The remanence and coercivity values are much smaller 
for the melt-spun ribbons than for the mold-cast rods. This suggests that the appropriate 
atomic configuration for a large coercivity is obtained only during slow cooling. 
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Figure 5.14: Variation of remanence and coercivity as a function of Fe content for the 
Nd60Co30-xFexAl10 mold-cast and melt-spun alloys. The remanence and the coercivity 
remain negligible for melt-spun ribbons with x < 10 and increase with a further increase in 
x up to 30. For the mold-cast rods, the remanence increases linearly with increasing x but 
the coercivity remains fairly constant (~0.4 T) for the rods with x > 5. 
 
 
Below 300 K 
Figure 5.15a shows the demagnetization curves for a Nd60Co20Fe10Al10 mold-cast rod 
measured after magnetizing in a maximum field of 8 T in the temperature range of 20-300 K. 
The hysteresis loops are typical of a single hard magnetic phase at T ≥ 50 K. The coercivity 
varies strongly with temperature and increases from 0.4 to 3.2 T with the temperature 
decreasing from 300 to 50 K. It is evident from Fig. 5.15a that the demagnetization curves 
measured at temperatures below 50 K show a two-phase magnetic behavior. A discontinuity 
(marked with arrows in Fig. 5.15a) in the demagnetization curves can be distinctly observed 
below 50 K Additionally, there is a sudden increase in the maximum magnetization with 
decreasing temperature from 50 K to 20 K. These features indicate the presence of a magnetic 
transition between 20 and 50 K. This is consistent with the temperature dependence of 
magnetization curves (Fig. 5.11), which shows a magnetic transition below 50 K. Therefore, 
below 50 K, there are two magnetic phases, i.e., Nd-rich crystallites (Nd, Nd3Co) and Fe-
containing clusters/nanocrystallites.
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Figure 5.15: (a) Demagnetization curves for the mold-cast Nd60Co20Fe10Al10 rod at different 
temperatures showing a single hard magnetic behavior for temperatures above 50 K. Below 
50 K, a two-phase magnetic behavior is observed with a discontinuity in the 
demagnetization curves (marked with arrows). (b) Temperature variation of MHC (where M 
= 0) and HC2 (where dM/dH is maximum) indicating that MHC exhibits a peak with a 
maximum of 3.2 T at 50 K. On the other hand, HC2 decays exponentially with temperature 
following the relation
 
6.4×exp(-0.006T) (dotted curve).  
 
Similar to the binary Nd80Fe20 mold-cast rod, two different coercivities MHC and HC2 can be 
defined for the Nd60Co20Fe10Al10 mold-cast rod from the demagnetization curves in Fig. 
5.15a. MHC corresponds to the reverse field where the total magnetization (M) becomes zero. 
(b) 
(a) 
300 K 
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It corresponds to the magnetization reversal of the soft magnetic Nd3Co phases. HC2 is the 
field where the total susceptibility (dM/dH) exhibits a maximum. The values of HC2 are 
related to the discontinuity in the demagnetization curves (marked by arrows). The physical 
significance of HC2 is that at this field most of the spins switch towards the direction of the 
applied field. HC2 is the coercivity of the Fe-rich clusters/nanocrystallites (dark regions B in 
Fig. 5.5) that is analogue to the A1 regions in binary Nd-Fe alloys. Figure 5.15b shows the 
temperature dependence of MHC and HC2 for the Nd60Co20Fe10Al10 mold-cast rod. MHC and 
HC2 have identical values above 100 K but differ significantly below 100 K. This is because 
above 100 K the Fe-rich clusters/nanocrystallites phase is the only ferromagnetic phase 
present in the samples. However, at temperatures less than 100 K, the ordering of Nd3Co 
results in the deviation of MHC from HC2. The coercivity MHC increases first with decreasing 
temperature, reaching a maximum of 3.2 T at 50 K, then sharply decreases to 0.27 T at 20 K 
in the multi-phase region. The decrease below 50 K is due to the magnetization reversal in the 
soft magnetic Nd3Co phase. In contrast, HC2 (open symbols in Fig. 5.15b) increases 
monotonically with decreasing temperature and reaches 5 T at 20 K. It follows an exponential 
law, HC2 = 6.4×exp(-0.006T), which yields a maximum value of 6.4 T for HC2 at 0 K. A 
similar temperature dependence of MHC and HC2 was observed for the other Nd60Co30-xFexAl10 
(x ≥ 5) and the binary Nd80Fe20 (Fig. 4.27 in chapter 4) mold-cast rods.  
 
In Fig. 5.16, the temperature dependence of ln(HC2) is compared for the multicomponent 
Nd60Co30-xFexAl10 (x ≥ 10) and the binary Nd80Fe20 mold-cast rods. The temperature 
dependence of ln(HC2) follows nearly a straight line for the multicomponent as well as binary 
rods. The ln(HC2) values for the binary are higher than those for the multicomponent 
specimens. This discrepancy is due to the different maximum applied field, which was 40 T 
for the binary and 8 T for the multicomponent Nd60Co30-xFexAl10 mold-cast rods. A higher 
applied field results in a higher coercivity. By extrapolating the straight line in Fig. 5.16 to 0 
K, an average value of HC2 at 0 K for the Nd-based multicomponent and binary mold-cast 
alloys can be estimated to 6.6 T. Such a large value of the coercicity clearly suggests the 
presence of a strong magnetic anisotropy in these alloys. A similar behavior was observed for 
the melt-spun ribbons. As discussed in chapter 4 for the binary Nd80Fe20 mold-cast rod, the 
magnetic behavior of the Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods can be explained by the 
random magnetic anisotropy.  
  
Ternary and quaternary Nd-(Fe,Co)-Al alloys 
 
119
 
Figure 5.16:  ln(HC2) versus temperature for the Nd60Co30-xFexAl10 (x = 10, 15, 20, and 
30) and the binary Nd80Fe20 mold-cast rods showing a linear dependence. It implies that 
the coercivity HC2 decays exponentially for the Nd60Co30-xFexAl10 and Nd80Fe20 mold-cast 
rods. 
 
5.3.3  Magnetic anisotropy and coercivity mechanism 
As shown in Fig. 5.16, the coercivity of the Nd60Co30-xFexAl10 (x ≥ 10) mold-cast rods exhibits 
identical temperature dependence in spite of their different Fe contents. Furthermore, the 
absolute values of the coercivity also remain fairly unchanged with the change in Fe contents 
in the Nd60Co30-xFexAl10 mold-cast rods and melt-spun ribbons. These observations clearly 
indicate that the Nd60Co30-xFexAl10 (x ≥ 10) alloys prepared by mold casting and melt spinning 
are magnetically similar and analogue to the binary Nd80Fe20 mold-cast rod. Therefore, the 
coercivity behavior of the Nd60Co30-xFexAl10 alloys can be explained by the cluster structure 
described in chapter 4 (Fig. 4.31) for the binary Nd80Fe20 mold-cast rod. It is assumed that the 
dark regions in the SEM micrographs (Fig. 5.5) are composed of highly anisotropic Nd-Fe 
clusters. Inside each cluster the Fe moments form a collinear ferromagnetic structure. 
However, due to the random single ion anisotropy of the Nd atoms, the Nd moments are 
oriented in a hemisphere along the magnetization of the Fe sublattice and form a non-collinear 
magnetic structure. This results in a net magnetic moment for the cluster. The clusters are 
randomly oriented resulting in a zero net magnetization in the absence of field. The intra-
cluster interaction is negligible above 100 K due to the presence of paramagnetic Nd and 
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Nd3Co. However, such an ensemble of clusters would not be saturated since the Nd moments 
are non-collinear inside the individual clusters. Hence, an increase in applied field will orient 
more and more Nd moments in the clusters along the direction of the field. 
 
The effective uniaxial anisotropy constant Keff was calculated from the law of approach to 
saturation. The magnetization in the field range of 10-22 T was fitted with a law of approach 
to saturation described by Eq. (4.2) in chapter 4. Figure 5.17a shows the temperature 
dependence of the anisotropy constant Keff for the Nd60Co30-xFexAl10 (x = 20, 30) mold-cast 
rods. The dotted line is a fit to an exponential law, Keff = 6×exp(-0.02T). The anisotropy 
constant decays exponentially from 5.6×106 J/m3 at 4.2 K to 0.15×106 J/m3 at 300 K for the 
Nd60Fe30Al10 mold-cast rod. The values of the anisotropy constant for the binary Nd80Fe20 
mold-cast rod calculated from the fitting in the same range of field (10-22 T) are also shown 
in Fig. 5.17a. Although, the anisotropy constant of the binary Nd80Fe20 mold-cast rod is lower 
than that of the multicomponent Nd60Co30-xFexAl10 alloys, the order of magnitude is in 
agreement. The anisotropy constant obtained from the magnetization fitting is very sensitive 
to the maximum magnetizing field. Therefore, it should be noted that the Keff values shown in 
Fig. 5.17a are significantly lower than the values reported in chapter 4 (Fig. 4.33) for the 
binary Nd80Fe20 mold-cast rod, which were obtained from the fitting in the maximum range of 
30-40 T. Further differences in the Keff values for the multicomponent and the binary alloys 
can be due to an error in the fitting and the MS values. 
 
Figure 5.17b compares the values of the anisotropy field Ha (= 2Keff/MS) for the 
multicomponent Nd60Co30-xFexAl10 (x = 20, 30) and the binary Nd80Fe20 mold-cast rods. It can 
be clearly seen that Ha increases monotonically from an average value of 7 T at room 
temperature to 18 T at 4.2 K. The dashed line is a guideline for the eye. All the samples show 
more or less the same trend within the error margin. The temperature dependence of Keff and 
Ha for the Nd60Co30-xFexAl10 and Nd80Fe20 mold-cast rods resembles the temperature 
dependence of their coercivity. These observations support that the origin of the coercivity in 
the Nd60Co30-xFexAl10 (x ≥ 5) and Nd80Fe20 mold-cast rods is magnetic anisotropy. 
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Figure 5.17: Temperature dependence of the anisotropy constant Keff (a) and of the 
anisotropy field Ha (b) for the Nd60Co30-xFexAl10 (x = 20, 30) and the Nd80Fe20 mold-cast 
rods obtained by fitting the magnetization to the law of approach to saturation. Keff follows 
an exponential law with a small scattering in the data. Ha increases from about 7 T at 300 
K to 18 T at 4.2 K. Nd80Fe20 and Nd60Co30-xFexAl10 (x = 20, 30) mold-cast rods exhibit a 
similar temperature dependence of Keff and Ha indicating the similarity in their magnetic 
behavior. 
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5.3.4  Comparison with binary Nd-Fe alloys 
As discussed in the preceding sections, the magnetic properties of the multicomponent 
Nd60Co30-xFexAl10 mold-cast rods are completely analogue to the binary Nd80Fe20 mold-cast 
rod. The structural resemblance between them is illustrated in Fig. 5.18, where the back-
scattered SEM images of the Nd60Co20Fe10Al10 and the Nd80Fe20 mold-cast rods are 
compared. The binary Nd80Fe20 rod contains crystallites of Nd, a Nd-rich Nd-Fe solid 
solution, and Nd-Fe regions (A1). According to the HRTEM studies (Fig. 4.16), the A1 regions 
are a mixture of a crystalline and an amorphous phase. The crystalline phase is presumed to 
be nanocrystalline Nd. The multicomponent Nd60Co20Fe10Al10 mold-cast rod exhibits similar 
microstructural features, i.e., Fe-poor regions (A) composed of Nd and Nd3Co crystallites and 
Fe-richer globular regions (B) comprised of Nd nanocrystallites and an amorphous phase.  
 
 
Figure 5.18: Back-scattered SEM images of the Nd80Fe20 and Nd60Co20Fe10Al10 mold-cast 
rods showing the microstructural similarities between the binary and the multicomponent 
mold-cast rods. The Nd80Fe20 rod contains Nd crystallites, Nd-Fe solid solution, and Nd-
Fe (A1) phase. The Nd60Co20Fe10Al10 mold-cast rod displays Fe-poor (A) and Fe-richer (B) 
regions. The A regions consist of Nd and Nd3Co crystallites with a small amount of Fe 
whilst the B regions are a mixture of crystalline Nd and nanocrystalline Nd-Fe phase. 
Thus, a mixture of crystalline Nd and nanocrystalline Nd-Fe phase is observed for the 
both binary Nd80Fe20 and multicomponent Nd60Co20Fe10Al10 mold-cast rods.  
A 
B 
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Therefore, the globular regions in the Nd60Co20Fe10Al10 mold-cast rod can be considered as an 
analogue to the binary A1 regions. The only microstructural difference between the Nd80Fe20 
and the Nd60Co20Fe10Al10 mold-cast rods is the Nd3Co phase in the latter. The Nd and Nd3Co 
crystallites do not play any role for the magnetic properties above 30 K, above which they are 
paramagnetic. Thus, the A1 regions in the Nd80Fe20 and the Fe-rich regions (B) in the 
Nd60Co20Fe10Al10 mold-cast rods are magnetically similar. These regions are composed of 
Nd-Fe clusters/nanocrystallites separated by paramagnetic Nd and/or Nd3Co. It has been 
reported that the local short-range order in amorphous Nd-Fe films is close to the crystalline 
NdFe2 phase [167]. In the binary Nd80Fe20 mold-cast rod the composition of the A1 regions is 
estimated to about Nd56Fe44, which can be considered as a mixture of Nd nanocrystallites and 
NdFe2 clusters yielding a Nd:Fe ratio of 1:1. Similarly, for the multicomponent 
Nd60Co20Fe10Al10 mold-cast rod the globular regions are a mixture of Nd, Nd3(Co,Al), and 
Nd-Fe clusters. The magnetic measurements, i.e., coercivity, magnetization, remanence, 
anisotropy constant, and anisotropy field, clearly suggest that the binary Nd80Fe20 and the 
multicomponent Nd60Co30-xFexAl10 (x ≥ 10) mold-cast rods are magnetically similar.  
 
5.4   Summary 
In this chapter, the microstructural, the thermal, and the magnetic properties of  
Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys prepared by mold casting and melt spinning were 
presented. The phase analysis shows that the Nd60Co30-xFexAl10 alloys exhibit an increasing 
trend to crystallinity with increasing Fe content. The Fe-free (x = 0) mold-cast rod and melt-
spun ribbon are fully amorphous evidenced by their XRD and TEM results. With increasing 
Fe content to more than 5 at.%, the formation of crystalline Nd, Nd3Co, and Nd6Fe11Al3 (δ) 
was observed for the Nd60Co30-xFexAl10 mold-cast rods. However, all the samples contain a 
significant fraction of an amorphous phase along with the crystalline phases. The  
Nd60Co30-xFexAl10 melt-spun ribbons show a similar trend as the mold-cast rods.  
 
Microstructural investigations reveal that the Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods are 
microscopically inhomogeneous consisting of Nd-rich (2-7 at.% Fe) and relatively Fe-rich 
regions (8-35 at.% Fe). The Nd-rich regions as well as the Fe-rich regions are partially 
crystalline. The Nd-rich regions solidify into crystalline Nd and Nd3Co together with some 
remaining amorphous phase. The relatively Fe-rich regions are composed of Nd crystallites 
embedded in a nanocrystalline Nd-Fe phase (Al is distributed homogeneously in the samples). 
Therefore, the Fe-richer regions are analogue to the A1 regions in the binary Nd-Fe alloys. The 
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DSC curves of the Nd60Co30-xFexAl10 mold-cast and melt-spun samples show that the Fe-free 
samples have a distinct glass transition followed by a multi-step crystallization. However, in 
the Fe-containing samples the glass transition is masked by the early crystallization of Nd-rich 
phases. The various criteria for the glass-forming ability consistently show that the glass-
forming ability decreases with an increasing Fe content in the Nd60Co30-xFexAl10 alloys. 
 
Magnetic measurements show that the Nd60Co30Al10 mold-cast and melt-spun ribbons are 
paramagnetic at room temperature. On the other hand, the Fe-containing 
Nd60Co30-xFexAl10 rods and ribbons are hard magnetic at room temperature. The Curie 
temperature for the mold-cast rods and the melt-spun ribbons is in the range of 469-500 K and 
450-483 K, respectively. The Curie temperature above room temperature is correlated to the 
Fe-richer nanocrystalline regions. The smaller Curie temperature values for the melt-spun 
ribbons are related to the different composition of the Fe-rich regions. Low temperature 
measurements show an additional magnetic transition in the range of 48-54 K. This transition 
stems from crystalline Nd and Nd3Co. The RT coercivity of the Nd60Co30-xFexAl10 mold-cast 
rods does not vary much with the Fe-content above 10 at.% Fe but the remanence and the 
maximum magnetization increase linearly with the Fe content. This is because of the increase 
in the volume fraction of the Fe-containing regions with increasing Fe content. In contrast, the 
coercivity is determined by the random single ion anisotropy of the Nd-atoms in the Nd-Fe 
clusters. The coercivity shows a strong temperature dependence increasing to a maximum 
value of 5 T at 4.2 K for the Nd60Fe30Al10 mold-cast rod. 
 
The effective uniaxial anisotropy constant Keff and the anisotropy field Ha were calculated 
from the high-field magnetization by fitting to a law of approach to saturation. The 
temperature dependence of Keff and of the coercivity follows this exponential law indicating a 
close correlation between them. Furthermore, the values of Keff and Ha are similar to those of 
the binary Nd80Fe20 mold-cast rod provided the range of field used for the fitting is same. 
These features clearly suggest that the multicomponent Nd60Co30-xFexAl10 (x ≥ 10) and binary 
Nd80Fe20 are completely analogous from the magnetic as well as from the structural point of 
view.          
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6. Conclusions and outlook 
Structural, thermal, and magnetic properties of partially amorphous binary Nd100-xFex  
(x = 20, 25, 40) and multicomponent Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys were investigated. 
According to the revised Nd-Fe binary phase diagram, the equilibrium eutectic is Nd + 
Nd5Fe17. However, the present study shows that the equilibrium Nd-Fe eutectic is not 
obtained even at low cooling rates of 5 K/s. This implies that the phase selection in Nd-Fe 
alloys depends sensitively on composition and cooling rate. In order to study the effect of 
composition and cooling rate, Nd100-xFex (x = 20, 25, 40) alloys cooled at 150 K/s and 
Nd80Fe20 alloys cooled at different rates from 5 to 150 K/s were investigated. The Nd100-xFex 
(x = 20, 25, 40) alloys cooled at 150 K/s display two different eutectic-like morphologies, i.e., 
Nd + Nd2Fe17 (x ≥ 25) and Nd + A1 (x = 20). A1 is a notation used for the Fe-containing 
regions in the metastable eutectic for the Nd80Fe20 alloy cooled at 150 K/s. The structural 
investigations of the A1 regions were performed by HRTEM and show the presence of a 
mixture of 5-10 nm crystallites and an amorphous phase. It was not possible to identify the 
crystallites due to their small size. However, the EDX analysis in a STEM mode yields an 
average composition of Nd56Fe44 for the A1 regions. The A1 regions do not yield any 
diffraction peak in XRD. Therefore, the Nd80Fe20 alloy cooled at 150 K/s, which contains only 
Nd and the A1 regions, shows only hexagonal Nd peaks in the XRD.  
   
Annealing experiments show that the eutectic-like morphologies of the Nd100-xFex  
(x = 20, 25, 40) alloys cooled at 150 K/s are metastable. The eutectic-like microstructure Nd + 
A1 of the Nd80Fe20 alloy transforms into Nd + Nd2Fe17 upon annealing above 773 K for 10 h, 
which eventually changes into the equilibrium eutectic of Nd + Nd5Fe17 after 24 h annealing 
at 873 K. Thus, the hyper- and hypoeutectic Nd-Fe alloys solidify into a metastable structure 
at a cooling rate of 150 K/s. The Nd80Fe20 (hypereutectic) alloys cooled at different rates (5-
150 K/s) show that a variation in the cooling rate changes the eutectic phases for the same 
starting composition. Mainly two eutectic-like morphologies, i.e., Nd + A1 are displayed when 
the cooling rate is faster than 50 K/s, and Nd + Nd2Fe17 when the cooling rate is slower than 
25 K/s. The alloys cooled in the intermediate range of 25-50 K/s show a mixture of both 
eutectic morphologies. The formation of different eutectic phases with changing cooling rate 
in the Nd-Fe alloys can be explained by considering the revised Nd-Fe phase diagram. If a 
Nd-Fe alloy, close to the eutectic composition (Nd78Fe22) is cooled it tends to form Nd and 
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Nd5Fe17. Therefore, during solidification certain regions of the alloy become enriched in Fe, 
other regions in Nd. Due to non-equilibrium cooling conditions and low atomic mobility, the 
alloy solidifies in a metastable microstructure composed of Nd-rich regions and relatively Fe-
rich regions. These Fe-rich regions are referred to as A1 regions, which are a mixture of 
crystalline and an amorphous phase. The crystallites are most likely a Nd-rich Nd-Fe solid 
solution whereas the remaining phase has a composition close to NdFe2. The alloys cooled at 
slower rates solidify into Nd and Nd2Fe17 because of the slow peritectic formation kinetics of 
the stable Nd5Fe17 phase. The formation of the stable eutectic Nd + Nd5Fe17 is observed only 
after a long annealing of 24 h above 873 K.   
 
Magnetic measurements show that the Nd80Fe20 alloys containing the A1 regions exhibit a 
hard magnetic behavior at room temperature with a coercivity of 0.5 T and a remanence of 9 
Am2/kg. The coercivity of the Nd80Fe20 alloys cooled at different rates does not change with 
the cooling rate as long as the A1 regions are formed. In contrast, the remanence and the 
maximum magnetization decrease with decreasing cooling rate due to a reduced volume 
fraction of metastable A1 regions. Annealing above 773 K destroys the coercivity of the as-
cast Nd80Fe20 rods. The equilibrium crystalline phases, i.e., Nd2Fe17 and Nd5Fe17, are soft 
magnetic at room temperature. Therefore, the large room temperature coercivity of the as-cast 
Nd80Fe20 alloys must be related to the A1 regions. The random magnetic anisotropy cluster 
model proposed by Nagayama et al. was employed to explain the coercivity [163]. The A1 
regions were treated as an ensemble of randomly oriented clusters of approximate 
composition NdFe2. The Fe moments form a collinear ferromagnetic structure. The Nd 
moments are dispersed in a hemisphere along their local easy axes. This dispersion reduces 
the magnetic moment of the Nd atoms compared to their free ion values. 
 
The values of the effective uniaxial anisotropy constant Keff and the anisotropy field Ha were 
calculated from the high-field magnetization measurements fitting the values to a law of 
approach to saturation. The value of Keff at room temperature was determined to about 
1.4×106 J/m3. Keff and Ha decay exponentially with temperature in a similar way as the 
coercivity. This clearly suggests that the origin of the coercivity of the A1 regions is magnetic 
anisotropy.  
 
The Nd80Fe20 mold-cast rod shows multiple magnetic transitions at 8, 19, 29, and 529 K. The 
low temperature transitions at 8, 19, and 29 K originate from dhcp Nd and fcc Nd-Fe solid 
solution, respectively. The transition at 529 K is related to the A1 regions. This was also 
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evidenced in the hysteresis loops for the Nd80Fe20 mold-cast rod measured at different 
temperatures. The sample shows a single-phase smooth hysteresis loop above 30 K, below 
which a two-phase magnetic behavior can be observed due to the ordering of fcc Nd-Fe solid 
solution and dhcp Nd. 
 
The volume fraction of the A1 regions in the binary Nd-Fe alloys is limited due to the 
competing crystalline Nd2Fe17 phase. Quaternary Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys were 
explored in order to increase the volume fraction of the A1 phase by suppressing the binary 
crystalline phases. 
 
The multicomponent Nd60Co30-xFexAl10 (0 ≤ x ≤ 30) alloys prepared by mold casting and melt 
spinning show an increasing trend of crystallinity with increasing Fe content. The crystalline 
phases were identified as Nd and Nd3Co. Therefore, it is expected that the Fe forms an 
amorphous phase. The Fe-free mold-cast rods and melt-spun ribbons are fully amorphous as 
evidenced by their XRD patterns and microstructural studies. In contrast, the Fe-containing 
Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods are microscopically inhomogeneous consisting of 
Nd-rich (2-8 at.% Fe) and relatively Fe-rich regions (7-35 at.% Fe). The Nd-rich regions 
consist of Nd and Nd3Co along with some amorphous phase. The Fe-richer regions are 
composed of Nd crystallites embedded in a nanocrystalline/clustered Nd-Fe phase (Al is 
distributed homogeneously in the samples). Therefore, the Fe-richer regions in the 
multicomponent alloys are analogous to the A1 regions in the binary Nd-Fe alloys. 
 
The DSC measurements show that the Fe-free mold-cast rods and melt-spun ribbons exhibit a 
distinct glass transition in the range of 481-489 K. Conversely, for the Fe-containing (x > 5) 
rods and ribbons, the early crystallization of Nd-rich phases and the growth of the quenched-
in crystallites obscure the glass transition in the conventional DSC curves. The Fe-richer 
regions crystallize into ternary Nd6Fe11Al3 (δ phase) at 780 K.  According to different criteria 
of glass-forming ability, the glass-forming ability for the Nd60Co30-xFexAl10 alloys decreases 
with increasing Fe content. 
  
Magnetic measurements of the multicomponent alloys show that the presence of crystalline 
Nd and Nd3Co does not change the magnetic properties. The magnetic properties are rather 
controlled by the fraction of the Fe content. The Fe-free (Nd60Co30Al10) mold-cast and melt-
spun ribbons are paramagnetic at room temperature. On the other hand, the Fe-containing 
Nd60Co30-xFexAl10 rods and ribbons are hard magnetic at room temperature. The Curie 
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temperature for the mold-cast rods and the melt-spun ribbons is in the range of 469-500 K and 
450-483 K, respectively. The coercivity of the Nd60Co30-xFexAl10 mold-cast rods does not vary 
much with the Fe-content for more than 10 at.% Fe but the remanence and the maximum 
magnetization increase linearly with the Fe content. This is because of the increase in the 
volume fraction of the Fe-rich regions with increasing Fe content. The temperature 
dependence of the coercivity, Keff, and the Ha are identical to those for the binary Nd80Fe20 
mold-cast rod. The magnetic measurements, i.e., coercivity, magnetization, remanence, 
anisotropy constant, and anisotropy field, clearly suggest the binary Nd80Fe20 and the 
multicomponent Nd60Co30-xFexAl10 (x ≥ 5) mold-cast rods are magnetically identical and the 
relatively Fe-rich regions in the multicomponent Nd60Co30-xFexAl10 (x ≥ 5) alloys are 
microscopically similar to the A1 regions in the binary Nd-Fe alloys. 
 
Although, the coercivity of the metastable A1 regions is not very large but it is obtained in the 
as-prepared state without any further treatment. The formation of an amorphous phase in the 
binary Nd-Fe at low cooling rates of 50 K/s is a rather surprising experimental fact. The A1 
regions serve as a typical example of the random anisotropy but the existence of the NdFe2 
clusters should be examined directly. The effect of the distribution of size, magnetization and 
anisotropy constant of the clusters on the coercivity should also be investigated. The magnetic 
properties of the present Nd-Fe alloys resemble that of amorphous TbFe2 alloys. Therefore, it 
is a plausible assumption that the large coercivity of the Nd-Fe alloys and the absence of 
crystalline NdFe2 are related to each other. However, there are no satisfactory thermodynamic 
data about the metastability of the NdFe2 phase.  
 129
References 
[1] V. Drozzina, R. Janus, A new magnetic alloy with very large coercive force, Nature 
135 (1935) 36. 
[2] J. J. Croat, J. F. Herbst, R. W. Lee, F. E. Pinkerton, Pr-Fe and Nd-Fe-based material: 
A new class of high-performance permanent magnets, J. Appl. Phys.  55 (1984) 2078. 
[3] M. Sagawa, S. Fujimura, N. Togawa, H. Yamamoto, Y. Matsuura, New material for 
permanent magnets on a base of Nd and Fe, J. Appl. Phys. 55 (1984) 2083.  
[4] J. J. Croat, J. F. Herbst, R. W. Lee, F. E. Pinkerton, High-energy product Nd-Fe-B 
permanent magnets, Appl. Phys. Lett. 44 (1984) 148. 
[5] J. F. Herbst, R2Fe14B materials: Intrinsic properties and technological aspects, Rev. 
Mod. Phys. 63 (1991) 819. 
[6] W. E. Wallace, Rare earth intermetallics, Academic Press, New York (1973). 
[7] H. R. Kirchmayr, C. A. Poldy, Magnetism in rare earth-3d intermetallics, J. Magn. 
Magn. Mater. 8 (1978) 1. 
[8] A. E. Clark, High-field magnetization and coercivity of amorphous rare-earth-Fe2 
alloys, Appl. Phys. Lett. 23 (1973) 642. 
[9] J. J. Croat, Observation of large room-temperature coercivity in melt-spun Nd0.4Fe0.6, 
Appl. Phys. Lett. 39 (1981) 357. 
[10] J. J. Croat, Crystallization and magnetic properties of melt-spun neodymium-iron 
alloys, J. Magn. Magn. Mater. 24 (1981) 125.  
[11] J. J. Croat, Magnetic properties of melt-spun Pr-Fe alloys, J. Appl. Phys. 52 (1981) 
2509. 
[12] K. H. J. Buschow, A. M. Van der Kraan, Magnetic properties of amorphous rare 
earth-iron alloys, J. Magn. Magn. Mater. 22 (1981) 220. 
[13] J. J. Croat, Magnetic hardening of Pr-Fe and Nd-Fe alloys by melt spinning, J. Appl. 
Phys. 53 (1982) 3161.  
[14] H. H. Stadelmaier, G. Schneider, M. Ellner, A CaCu5-type iron-neodymium phase 
stabilized by rapid solidification, J. Less-Common Met. 115 (1986) L11. 
[15] G. C. Hadjipanayis, A. Tsoukatos, J. Strzeszewski, G. J. Long, O. A. Pringle, A new 
hard magnetic phase in binary Nd-Fe and Pr-Fe alloys, J. Magn. Magn. Mater. 78 
(1989) L1. 
[16] F. A. O. Cabral, S. Gama, Evolution of stable and metastable phases and coercivity in 
rare-earth-rich alloys of the Fe-Nd and Fe-Pr systems, IEEE Trans. Magn. 26 (1990) 
2622.  
 130
[17] L. X. Liao, Z. Altounian, D. H. Ryan, Formation of high pressure phases in rapidly 
quenched Fe-Nd alloys, J. Appl. Phys. 67 (1990) 4821. 
[18] H. H. Stadelmaier, G. Schneider, E.-Th. Henig, M. Ellner, Magnetic Fe17Nd5 in the 
Fe-Nd and Fe(-Ti)-Sm systems and other phases in Fe-Nd, Mater. Lett. 10 (1991) 
303.  
[19] D. Givord, J. P. Nozieres, M. F. Rossignol, D. W. Taylor, I. R. Harris, D. Fruchart, S. 
Miraglia, Structural analysis of the hard ferromagnetic phase observed in quenched 
Nd-Fe alloys of hypereutectic composition, J. Alloys Comp. 176 (1991) L5. 
[20] J. Delamare, D. Lemarchand, P. Vigier, Structural investigation of the metastable 
compound A1 in an as-cast Fe-Nd eutectic alloy, J. Alloys Comp. 216 (1994) 273. 
[21] J. A. Gerber, S. G. Cornelison, W. L. Burmester, D. J. Sellmyer, Magnetic properties 
of the rare-earth glasses (R65Fe35)100-xBx, J. Appl. Phys. 50 (1979) 1608. 
[22] S. G. Cornelison, D. J. Sellmyer, G. C. Hadjipanayis, Magnetic properties of rare-
earth-gallium-iron glasses, J. Appl. Phys. 52 (1981) 1823. 
[23] S. G. Cornelison, D. J. Sellmyer, J. G. Zhao, Z. D. Chen, Giant coercivities and 
chemical-short order in Pr-Ga-Fe metallic glasses, J. Appl. Phys. 53 (1982) 2330. 
[24] G. C. Hadjipanayis, R. C. Hazelton, K. R. Lawless, New iron-rare-earth-based 
permanent magnet materials, Appl. Phys. Lett. 43 (1983) 797. 
[25] G. C. Hadjipanayis, R. C. Hazelton, K. R. Lawless, Cobalt-free permanent magnet 
materials based on iron-rare-earth alloys, J. Appl. Phys. 55 (1984) 2073. 
[26] D. J. Sellmyer, A. Ahmed, G. Muench, G. C. Hadjipanayis, Magnetic hardening in 
rapidily quenched Fe-Pr and Fe-Nd alloys, J. Appl. Phys. 55 (1984) 2088.  
[27] J. Fidler, The role of the microstructure on the coercivity of Nd-Fe-B sintered 
magnets, In: Proceeding of the 5th Intl. Symposium on magnetic anisotropy and 
coercivity in rare-earth transition metal alloys (1987) 363. 
[28] J. Wecker, L. Schultz, Coercivity after heat treatment of overquenched and optimally 
quenched Nd-Fe-B, J. Appl. Phys. 62 (1987) 990.  
[29] L. Schultz, J. Wecker, E. Hellstern, Formation and properties of NdFeB prepared by 
mechanical alloying and solid-state reaction, J. Appl. Phys. 61 (1987) 3583. 
[30] R. K. Mishra, Microstructure of hot-pressed and die-upset NdFeB magnets, J. Appl. 
Phys. 62 (1987) 967. 
[31] R. K. Mishra, E. G. Brewer, R. W. Lee, Grain growth and alignment in hot deformed 
Nd-Fe-B magnets, J. Appl. Phys. 63 (1988) 3528. 
 131
[32] L. Schultz, K. Schnitzke, J. Wecker, Mechanically alloyed isotropic and anisotropic 
Nd-Fe-B magnetic material, J. Appl. Phys. 64 (1988) 5302. 
[33] M. Sagawa, S. Hirosawa, H. Yamamoto, S. Fujimura, Y. Matsuura, Nd-Fe-B 
permanent magnet materials, Jpn. J. Appl. Phys. 26 (1987) 785. 
[34] R. Ramesh, G. Thomas, B. H. Ma, Magnetization reversal in nucleation controlled 
magnets. II. Effect of grain size and size distribution on intrinsic coercivity of Fe-Nd-
B magnets, J. Appl. Phys. 64 (1988) 6416. 
[35] J. Fidler, K. G. Knoch, Electron microscopy of Nd-Fe-B based magnets, J. Magn. 
Magn. Mater. 80 (1989) 48. 
[36] J. Fidler, T. Schrefl, Overview of Nd-Fe-B magnets and coercivity, J. Appl. Phys. 79 
(1996) 5029. 
[37] T. Weihong, Z. Shouzeng, W. Run, On the neodymium-rich phases in Nd-Fe-B 
magnets, J. Less-Common Met. 141 (1988) 217. 
[38] Z. Altounian, D. H. Ryan, G. H. Tu, A new metastable phase in the Nd-Fe-B system, 
J. Appl. Phys. 64 (1988) 5723. 
[39] H. Bo-Ping, J. M. D. Coey, C. J. Cardin, E. J. Devlin, I. R. Harris, Ferromagnetic 
neodymium iron oxide, J. Less-Common Met. 144 (1988) L31.  
[40] K. Hiraga, M. Hirabayashi, M. Sagawa, Y. Matsuura, A study of microstructure of 
grain boundaries in sintered Fe77Nd15B8 permanent magnet by high-resolution 
electron microscopy, Jap. J. Appl. Phys. 24 (1985) 699. 
[41] R. Ramesh, J. K. Chen, G. Thomas, On the grain-boundary phase in iron-rare-earth 
boron magnets, J. Appl. Phys. 61 (1987) 2993.  
[42] Y. Tsubokawa, R. Shimizu, S. Hirosawa, M. Sagawa, Effect of heat treatment on 
grain-boundary microstructure in Nd-Fe-B sintered magnet, J. Appl. Phys. 63 (1988) 
3319. 
[43] G. Schneider, Konstitution und Sinterverhalten von Hartmagnetwerkstoffen auf Fe-
Nd-B - Basis, PhD thesis at Universität Stuttgart (1988). 
[44] G. Schneider, F. J. G. Landgraf, F. P. Missell, Additional ferromagnetic phases in the 
Fe-Nd-B system and the effect of a 600°C annealing, J. Less-Common Met. 153 
(1989) 169. 
[45] F. J. G. Landgraf, F. P. Missell, G. Knoch, B. Grieb, E.-T. Henig, Binary Fe-Nd 
metastable phases in the solidification of Fe-Nd-B alloys, J. Appl. Phys. 70 (1991) 
6107. 
 132
[46] G. Schneider, E.-T. Henig, G. Petzow, H. H. Stadelmaier, The binary system iron-
neodymium, Z. Metallkd. 78 (1987) 694. 
[47] F. J. G. Landgraf, Solidification and solid state transformation in Fe-Nd: a revised 
phase diagram, J. Less-Common Met. 163 (1990) 209. 
[48] J. Strzeszewski, A. Tsoukatos, G. C. Hadjipanayis, Electron microscopy studies of 
new phases in Nd-Fe alloys J. Appl. Phys. 67 (1990) 4966. 
[49] F. A. O. Cabral, S. Gama, Phase coexistence and coercivity in the Fe-Nd and Fe-Pr 
systems J. Less-Common Met. 167 (1990) 31. 
[50] N. Amri, J. Delamare, D. Lemarchand, P. Vigier, Microstructural and 
thermomagnetic investigation of rapidly solidified Nd-Fe(-Al) eutectic alloys, J. 
Magn. Magn. Mater. 101 (1991) 352. 
[51] Z. Chen, N. Wang, X. Song, X. Wang, Characterization of a new Nd-Fe-O compound 
in Nd34Fe60O6 alloy, Mater. Lett. 22 (1995) 119. 
[52] G. Lopez, P. H. Domingues, J. L. Sanchez Ll, Magnetic analysis of Nd80Fe15(B1-xCx)5 
alloys (0.85 ≤ x ≤ 1), J. Alloys Comp. 302 (2000) 209. 
[53] J. Strzeszewski, G. C. Hadjipanayis, A. S. Kim, The effect of Al substitution on the 
coercivity of Nd-Fe-B magnets, J. Appl. Phys. 64 (1988) 5568. 
[54] B. Grieb, K. G. Knoch, E. -Th. Henig, G. Petzow, Influence of Al-based additions on 
coercivity and microstructure in Fe-Nd-B magnets, J. Magn. Magn. Mater. 80 (1989) 
75. 
[55] K. G. Knoch, E.-Th. Henig, J. Fidler, Correlation between Al addition and 
microstructural changes in Nd-Fe-B magnets, J. Magn. Magn. Mater. 83 (1990) 209. 
[56] B. Grieb, E.-Th. Henig, G. Martinek, H. H. Stadelmaier, G. Petzow, Phase relation 
and magnetic properties of new phases in the Fe-Nd-Al and Fe-Nd-C systems and 
their influence on magnets, IEEE Trans. Magn. 26 (1990) 1367.  
[57] B. Grieb, Aufbau der Systeme und Gefüge der Verbindungen von optimierten 
Hartmagneten auf Fe-Nd-B – Basis mit den Substituenten Dy, Al, Ga oder C, PhD 
thesis at Universität Stuttgart, (1991). 
[58] B. Grieb, E.-Th. Henig, The ternary Al-Fe-Nd system, Z. Metallkd. 82 (1991) 561. 
[59] K. H. J. Buschow, A. G. Dirks, On the crystallization behavior of amorphous alloys 
of rare-earths and 3d transition metals, J. Phys. D: Appl. Phys. 13 (1980) 251. 
[60] K. H. J. Buschow, Note on the magnetic properties of amorphous rare-earth nickel 
alloys, J. Magn. Magn. Mater. 21 (1980) 97. 
 133
[61] K. H. J. Buschow, Crystallization and magnetic properties of amorphous Gd-Fe and 
Er-Fe alloys, J. Less-Common Met. 66 (1979) 89. 
[62] K. H. J. Buschow, Magnetic properties of amorphous rare-earth-cobalt alloys, J. 
Appl. Phys. 51 (1980) 2795. 
[63] A. Inoue, T. Zhang, A. Takeuchi, W. Zhang, Hard magnetic bulk amorphous Nd-Fe-
Al alloys of 12 mm in diameter made by suction casting, Mater. Trans. JIM 37 (1996) 
636. 
[64] A. Inoue, Bulk amorphous alloys with soft and hard magnetic properties, Mater. Sci. 
Eng. A 226-228 (1997) 357. 
[65] R. C. O’Handley, Physics of ferromagnetic amorphous alloys, J. Appl. Phys. 62 
(1987) R15. 
[66] E. Matsubara, T. Zhang, A. Inoue, Distinctive structural features of Nd-Fe-Al 
amorphous alloy system, Sci. Rep. RITU A43 (1997) 83. 
[67] X. Z. Wang, Y. Li, J. Ding, L. Si, H. Z. Kong, Structure and magnetic 
characterization of amorphous and crystalline Nd-Fe-Al alloys, J. Alloys Comp. 290 
(1999) 209.  
[68] J. Ding, Y. Li, X. Z. Wang, The coercivity of rapidly quenched Nd60Fe30Al10 alloys, 
J. Phys. D:Appl. Phys. 32 (1999) 713. 
[69] N. H. Dan, N. X. Phuc, N. M. Hong, J. Ding, D. Givord, Multi-magnetic phase 
behavior of the Nd60Fe30Al10 amorphous hard magnetic alloy, J. Magn. Magn. Mater. 
226-230 (2001) 1385. 
[70] R. J. Ortega-Hertogs, A. Inoue, K. V. Rao, Coexistence of various Nd-rich and Fe-
rich Fe-Nd short range ordering in bulk glassy Nd60Fe30Al10 hard magnets, Mater. 
Trans. 42 (2001) 1547. 
[71] L. Si, J. Ding, Y. Li, B. Yao, Structure and magnetic properties of chill-cast and melt-
spun Ndx(Fe3Al)100-x and Nd33(FeyAl)67 alloys, Mater. Trans. 42 (2001) 664. 
[72] L. Si, J. Ding, L. Wang, Y. Li, H. Tan, B. Yao, Hard magnetic properties and 
magnetocaloric effect in amorphous NdFeAl ribbons, J. Alloys Comp. 316 (2001) 
260. 
[73] H. Chiriac, N. Lupu, The magnetic and structural properties of the high-coercivity 
Nd50Fe40Al10 amorphous alloys, J. Magn. Magn. Mater. 287 (2001) 135.  
[74] M. J. Kramer, A. S. O’Connor, K. W. Dennis, R. W. McCallum, L. H. Lewis, L. D. 
Tung, N. P. Duong, Origins of coercivity in the amorphous alloy Nd-Fe-Al, IEEE 
Trans. Magn. 37 (2001) 2497. 
 134
[75] R. S. Turtelli, D. Triyono, R. Grössinger, M. Michor, J. H. Espina, J. P. Sinnecker, H. 
Sassik, J. Eckert, G. Kumar, Z. G. Sun, G. J. Fan, Coercivity mechanism in 
Nd60Fe30Al10 and Nd60Fe20 Co10Al10 alloys, Phys. Rev. B 66 (2002) 54441. 
[76] J. K. L. Lai, Y. Z. Shao, C. H. Shek, G. M. Lin, T. Lan, Investigation on bulk Nd-Fe-
Al amorphous/nano-crystalline alloy, J. Magn. Magn. Mater. 241 (2002) 73. 
[77] S. Schneider, A. Bracchi, K. Samwer, M. Seibt, P. Thiyagrajan, Microstructure-
controlled magnetic properties of the bulk glass-forming alloy Nd60Fe30Al10, Appl. 
Phys. Lett. 80 (2002) 1749. 
[78] Z. G. Sun, W. Löser, J. Eckert, K.-H. Müller, L. Schultz, Effect of cooling rate on 
microstructure and magnetic properties of Nd60Fe30Al10 hard magnetic alloys, J. 
Magn. Magn. Mater. 261 (2003) 122. 
[79] A. Inoue, T. Zhang, Thermal stability and glass forming of amorphous Nd-Al-TM 
(TM = Fe, Co, Ni, or Cu) alloys, Mater. Sci. Eng. A 226-228 (1997) 393. 
[80] Y. He, C. E. Price, S. J. Poon, G. J. Shiflet, Formation of bulk metallic glasses in 
neodymium-based alloys, Phil. Mag. Lett. 70 (1994) 371. 
[81] A. Inoue, Stabilization of metallic supercooled liquid and bulk amorphous alloys, 
Acta Mater. 48 (2000) 279. 
[82] G. J. Fan, W. Löser, S. Roth, J. Eckert, L. Schultz, Magnetic properties of cast  
Nd60-xFe20Al10Co10Cux alloys, Appl. Phys. Lett. 75 (1999) 2984. 
[83] G. J. Fan, W. Löser, S. Roth, J. Eckert, L. Schultz, Glass-forming ability and 
magnetic properties of Nd70-xFe20Al10Cox alloys, J. Mater. Res. 15 (2000) 1556. 
[84] J. Wecker, L. Schultz, Beneficial effect of Co substitution on the magnetic properties 
of rapidly quenched Nd-Fe-B, Appl. Phys. Lett. 51 (1987) 697. 
[85] J. M. D. Coey, Magnetic order in amorphous materials, J. Appl. Phys. 49 (1978) 
1646.  
[86] K. Moorjani, J. M. D. Coey, Magnetic glasses, Elsevier, Amsterdam (1984). 
[87] R. C. O’Handley, Modern magnetic materials, John Wiley & Sons, Chichester 
(2000). 
[88] M. W. Klein, A model for amorphous magnetism condition for ferromagnetic or spin 
glass transitions, J. Phys. F: Metal Phys. 7 (1977) 1699. 
[89] A. Hubert, R. Schäfer, Magnetic domains, Springer, Berlin (1998). 
[90] B. D. Cullity, Introduction to magnetic materials, Addison-Wesley, Reading 
Massachusetts (1972). 
[91] S. Chikazumi, Physics of magnetism, John Wiley & Sons, Oxford (1986). 
 135
[92] G. Asti, S. Rinaldi, Nonanaliticity of the magnetization curve: application to the 
measurement of anisotropy in polycrystalline samples, Phys. Rev. Lett. 28 (1972) 
1584. 
[93] G. Asti, F. Bolzoni, Singular point detection of discontinuous magnetization 
processes, J. Appl. Phys. 58 (1985) 1924. 
[94] W. P. Meiklejohn, C. P. Bean, New magnetic anisotropy, Phys. Rev. B 105 (1957) 
904. 
[95] R. Alben, J. J. Becker, Random anisotropy in amorphous ferromagnets, J. Appl. Phys. 
49 (1978) 1653. 
[96] K. D. Durst, H. Kronmüller, The coercive field of sintered and melt-spun NdFeB 
magnets, J. Magn. Magn. Mater. 68 (1987) 63.  
[97] J. D. Livingston, Magnetic domains in sintered Fe-Nd-B magnets, J. Appl. Phys 57 
(1985) 4137. 
[98] R. K. Mishra, G. Thomas, T. Yoneyama, A. Fukuno, and T. Ojima, Microstructure 
and properties of step aged rare earth alloy magnets, J. Appl. Phys. 52 (1981) 2517. 
[99] G. C. Hadjipanayis, A. Kim, Domain wall pinning versus nucleation of reversed 
domains in R-Fe-B magnets, J. Appl. Phys. 63 (1988) 3310. 
[100] J. J. Becker, A domain-boundary model for a high coercive force material, J. Appl. 
Phys. 39 (1968) 1270. 
[101] H. Kronmüller, Micromagnetic background of hard magnetic materials, In: 
Supermagnets, hard magnetic materials, Kluwer Academic Publisher, The 
Netherlands, 331 (1991) 461. 
[102] P. Gaunt, Ferromagnetic domain wall pinning by a random array of inhomogeneities, 
Phil. Mag. B 48 (1983) 261. 
[103] D. Givord, M. F. Rossignol, Coercivity in Rare-earth permanent magnets, 
Monographs on the physics and chemistry of materials, Clarendon Press, Oxford, 54 
(1996) 218. 
[104] X. C. Kou, H. Kronmüller, D. Givord, M. F. Rossignol, Coercivity mechanism of 
sintered Pr17Fe75B8 and Pr17Fe53B30 permanent magnets, Phys. Rev. B 50 (1994) 
3849. 
[105] J. D. Livingston, A review of coercivity mechanism, J. Appl. Phys. 52 (1981) 2544. 
[106] L. Néel, Effect des Cavités et des Inclusions sur le Champ Coercitif, Cahiers de 
Physique 25 (1944) 21. 
 136
[107] J. B. Goodenough, A theory of domain creation and coercive force in polycrystalline 
ferromagnets, Phys. Rev. 95 (1954) 917. 
[108] H. R. Hilzinger, H. Kronmüller, Statistical theory of the pinning of Bloch walls by 
randomly distributed defects, J. Magn. Magn. Mater. 2 (1976) 11. 
[109] H. Zijlstra, Domain-wall processes in SmCo5 powders, J. Appl. Phys. 41 (1970) 4881.  
[110] M. Kersten, Probleme der technischen Magnetisierungskurve, edited by R. Becker, 
Springer (1938); reprinted by J. W. Edwards, Ann Arbor. 
[111] J. J. Becker, Rare-earth-compound permanent magnets, J. Appl. Phys. 41 (1970) 
1055. 
[112] K. Strnat, G. Hoffer, J. Olson, W. Ostertag, J. J. Becker, A family of new cobalt-base 
permanent magnet materials, J. Appl. Phys. 38 (1967) 1001.  
[113] E. A. Nesbitt, H. J. Williams, R. C. Sherwood, E. Buehler, J. H. Wernick, New 
permanent magnet material, Appl. Phys. Lett. 12 (1968) 361. 
[114] K. Kumar, RETM5 and RE2TM17 permanent magnets development, J. Appl. Phys. 63 
(1988) R13. 
[115] J. F. Cannon, D. L. Robertson, H. T. Hall, Synthesis of lanthanide-iron Laves phases 
at high pressures and temperatures, Mat. Res. Bull. 7 (1972) 5. 
[116] J. M. Moreau, L. Paccard, J. P. Nozieres, F. P. Missel, G. Schneider, V. Villas-Boas, 
A new phase in the Nd-Fe system: crystal structure of Nd5Fe17, J. Less-Common Met. 
163 (1990) 245. 
[117] O. Mao, J. Yang, Z. Altounian, J. O. Strφm-Olsen, Metastable RFe7 compounds 
(R=rare earths) and their nitrides with TbCu7 structure, J. Appl. Phys. 79 (1996) 
4605. 
[118] E. V. Obrucheva, B. V. Jalnin, V. P. Menushenkov, A. M. Gabay, The phase 
formation and crystallization in rapidly quenched Fe-Nd-based alloys. In: Proceeding 
of the 9th Intl. symposium on magnetic anisotropy and coercivity in rare-earth 
transition metal alloys (1996) 136. 
[119] V. P. Menushenkov, A. S. Lileev, M. A. Oreshkin, S. A. Zhuravlev, Metastable 
nanocrystalline A1 phase and coercivity in Fe-Nd alloys J. Magn. Magn. Mater. 203 
(1999) 149. 
[120] I. A. Santos, S. Gama, Evidence for the stable existence of the Fe2Nd phase in the Fe-
Nd system, J. Appl. Phys. 86 (1999) 2334. 
 137
[121] I. A. Santos, A. A. Coelho, R. C. Araujo, C. A. Ribeiro, S. Gama, Directional 
solidification and characterization of binary Fe-Pr and Fe-Nd eutectic alloys, J. 
Alloys Comp. 325 (2001) 194. 
[122] C. J. Yang, S. D. Choi, W. Y. Lee, The effect of Laves phase on the magnetic 
properties of Fe-Co-Nd-B alloys, J. Appl. Phys. 69 (1991) 5527. 
[123] F. A. O. Cabral, R. S. Turtelli, S. Gama. F. L. A. Macahado, Magnetic behavior of the 
rare earth binary R-Fe alloys, IEEE Trans. Magn. 25 (1989) 3318. 
[124] J. L. Sanchez Llamazares, E. Leccabue, F. Bolzoni, R. Panizzieri, X. R. Hua, 
Magnetic characterization and anisotropy field of the new oxygen stabilized phase in 
as-cast  
Nd100-xFx alloys, J. Magn. Magn. Mater. 84 (1990) 79. 
[125] D. Givord, J. P. Nozieres, J. L. Sanchez Llazamares, F. Leccabue, Magnetization and 
ansiotropy in the hard ferromagnetic phase observed in Nd100-xFex (x < 25) as-cast 
alloys, J. Magn. Magn. Mater. 111 (1992) 164. 
[126] A. Jayaraman, Solid-liquid and solid-solid transformations in the rare earth metals at 
high pressure, Phys. Rev. A 139 (1965) 690. 
[127] E. Bucher, C. W. Chu, J. P. Maita, K. Andres, A. S. Cooper, E. Buehler, K. Nassau, 
Electronic properties of two new elemental ferromagnets: fcc Pr and Nd, Phys. Rev. 
Lett. 22 (1969) 1260. 
[128] F. Weitzer, K. Hiebl, P. Rogl, Al, Ga substitution in RE2Fe17 (RE=Ce,Pr,Nd): 
magnetic behavior of RE2Fe15(Al,Ga)2 alloys, J. Appl. Phys. 65 (1989) 4963. 
[129] M. Katter, L. Schultz, Structural and hard magnetic properties of rapidly solidified 
Sm-Fe-N, J. Appl. Phys. 76 (1991) 3188. 
[130] F. J. G. Landgraf, F. P. Missell, H. R. Rechenberg, G. Schneider, V. Villas-Boas, J. 
M. Moreau, L. Paccard, J. P. Nozieres, Magnetic and structural characterization of 
Nd5Fe17, J. Appl. Phys. 70 (1991) 6125. 
[131] A. E. Ray, Technical Report APML-TR-69-239, Air Force Mat. Lab. Wright-
Patterson Air Force Base, Dayton, Ohio, USA, (1969). 
[132] N. F. Chaban, Y. B. Kuzma, N. S. Bilonozhko, O. O. Kachmar, N. V. Petrov, Ternary 
systems (Nd,Sm,Gd)-Fe-B, Dopov. Akad. Nauk URSR Ser. A: Fiz.-Mat. Tekh No. 10 
(1979) 873. 
[133] G. Schneider, G. Martinek, H. H. Stadelmaier, G. Petzow, High magnetic coercivity 
due to a new phase in cast eutectic Fe-Nd alloys, Mater. Lett. 7 (1988) 215. 
 138
[134] K. G. Knoch, E. Bischoff, E.-Th. Henig, J. Fidler, Analytical TEM study of cast 
Nd80-Fe15-B5 alloys, Mater. Lett. 8 (1989) 301.  
[135] J. Delamare, D. Lemarchand, P. Vigier, Transmission electron microscopy study of 
the µ phase in the Fe-Nd-Al system, J. Magn. Magn. Mater. 104-107 (1992) 1092. 
[136] J. M. Le Breton, T. Teillet, D. Lemarchand, V. De Pauw, Investigation of the δ and µ 
phase in the Nd-Fe-Al system, J. Alloys Comp. 218 (1995) 31. 
[137] H. R. Rechenberg, F. J. G. Landgraf, A. C. Neiva, R. Politano, F. P. Missel, 
Comparison of metastable Nd-Fe phases and the Nd-Fe-Al µ phase, Mater. Lett. 14 
(1992) 21. 
[138] S. Ji, G. B. Yang, R. Wang, Magnetic properties of two-phase materials, Acta Phys. 
Sin. 45 (1996) 2061. 
[139] R. Fisch, Quasi-long-range order in random-anisotropy Heisenberg models, Phys. 
Rev. B 58 (1998) 5684. 
[140] G. J. Fan, W. Loeser, S. Roth, J. Eckert, Glass-forming ability of RE-Al-TM alloys 
(RE=Sm, Y; TM=Fe, Co, Cu), Acta Mater. 48 (2000) 3823. 
[141] H. Z. Kong, Y. Li, J. Ding, Magnetic hardening in amorphous alloys Sm60Fe30Al10, 
Scripta Mater. 44 (2001) 829. 
[142] B. C. Wei, Y. Zhang, Y. X. Zhuang, D. Q. Zhao, M. X. Pan, W. H. Wang, W. R. Hu, 
Nd65Al10Fe25–xCox (x=0,5,10) bulk metallic glasses with wide supercooled liquid 
regions, J. Appl. Phys. 89 (2001) 3529. 
[143] Z. G. Sun, W. Löser, J. Eckert, K.-H. Mueller, L. Schultz, Phase separation in  
Nd60-xYxFe30Al10 melt-spun ribbons, Appl. Phys. Lett. 80 (2002) 772. 
[144] K. H. J. Buschow, Amorphous alloys. Handbook of the physics and chemistry of rare 
earths, edited by K. A. Gschneidner and L. Eyring, Elsevier Science Publishers, 
Amsterdam (1984) 265. 
[145] L. Schultz, J. Eckert, Mechanically alloyed glassy metals, Topics in Applied Physics 
72 (1994) 69. 
[146] J. Eckert, Mechanical alloying of highly processable glassy alloys, Mater. Sci. Eng. 
A226-228 (1997) 364. 
[147] G. Kumar, J. Eckert, S. Roth, W. Löser, S. Ram, L. Schultz, Magnetic properties of 
Nd–Fe–Co(Cu)–Al–B amorphous alloys prepared by nonequilibrium techniques J. 
Appl. Phys. 91 (2002) 3764. 
 139
[148] R. Srivastava, J. Eckert, W. Löser, B. K. Dhindaw, L. Schultz, Cooling rate 
evaluation for bulk amorphous alloys from eutectic microstructures in casting 
processes, Mater. Trans. JIM 43 (2002) 1670. 
[149] A. E. Owen, The Glass Transition, Amorphous Solids and the Liquid State, edited by 
N.H. March, R.A. Street und M. Tosi, Plenum Press, New York, (1985) 395. 
[150] C. Hayzelden, J. J. Rayment, B. Cantor, Rapid solidification microstructures in 
austenitic Fe-Ni alloys, Acta Mater. 31 (1983) 379.  
[151] P. G. Boswell, G. A. Chadwick, Cellular growth in a Pd781Cu55Si164 amorphous alloy, 
Scripta Mater. 10 (1976) 509.  
[152] W. Kurz, D. J. Fisher, Fundamentals of solidification, Trans. Tech. Publ. (1989) 63. 
[153] G. A. Chadwick, Eutectic alloy solidification, Prog. Mater. Sci. 12 (1963). 
[154] Z. S. Shan, S. S. Malhotra, S. H. Liou, Yi. Liu, M. Yu, D. J. Sellmyer, Magnetic 
properties and magnetization reversal of CoSm/Cr thin films, J. Magn. Magn. Mater. 
161 (1996) 323. 
[155] E. Callen, Y. J. Liu, J. R. Cullen, Initial magnetization, remanence, and coercivity of 
random anisotropy amorphous ferromagnet, Phys. Rev. B 16 (1977) 263. 
[156] X. C. Kou, W. J. Quiang, H. Kronmüller, L. Schultz, Coercivity of Sm-Fe-N 
ferromagnets produced by the mechanical alloying technique, J. Appl. Phys. 74 
(1993) 6791. 
[157] B. Lebech, J. Wolny, R. M. Moon, Magnetic phase transitions in double hexagonal 
close packed neodymium metal-commensurate in two dimensions, J. Phys.: Condens. 
Mater 6 (1994) 5201. 
[158] O. Popov, M. Mikhov, Hopkinson effect in an assembly of single domain particles-
thermomagnetic curves of Nd2Fe14B-type ribbons, J. Magn. Magn. Mater. 75 (1988) 
135. 
[159] R. Ribas, B. Dieny, B. Barbara, A. Labrata, The magnetization process and coercivity 
in random anisotropy systems, J. Phys. Condens. Matter 7 (1995) 3301. 
[160] S. Legvold, Rare earth metals and alloys, in Ferromagnetic materials, Vol. 1, Ch. 3, 
Edited by E. P. Wohlfarth, North-Holland (1980). 
[161] E. C. Stoner, E. P. Wohlfarth, A mechanism of magnetic hysteresis in heterogeneous 
alloys, Phil. Trans. Roy. Soc. A-240 (1948) 599. 
[162] R. C. Taylor, T. R. Mcguire, J. M. D. Coey, A. Gangulee, Magnetic properties of 
amorphous neodymium-transition-metal films, J. Appl. Phys. 49 (1978) 2885. 
 140
[163] K. Nagayama, H. Ino, N. Saito, Y. Nagayama, E. Kito, K. Siratori, Magnetic 
properties of amorphous Fe-Nd alloys, J. Phys. Soc. Jp. 59 (1990) 2483. 
[164] M. L. Spano, H. A. Alperin, J. J. Rhyne, S. J. Pickart, H. Hasanain, D. Andrauskas, 
Applied field response of spin glass state in amorphous NdFe2, J. Appl. Phys. 57 
(1985) 3432.  
[165] J. Filippi, V. S. Amaral, B. Barbara, High-field magnetization curve of random 
anisotropy magnets: observation of a crossover and link to structural short-range 
order, Phys. Rev. B 44 (1991) 2842. 
[166] Y. Imri, S. Ma, Random-field instability of the ordered state of continuous symmetry, 
Phys. Rev. Lett. 35 (1975) 1399. 
[167] S. Takayama, H. Iiyori, Atomic structure analysis of NdFe and NdCo amorphous 
films, Mater. Sci. Eng. A 179-180 (1994) 448. 
[168] D. Turnbull, Under what conditions can a glass be formed ?, Contemp. Phys. 10 
(1969) 473. 
[169] Z. P. Lu, C. T. Liu, A new glass-forming ability criterion for bulk metallic glasses, 
Acta Mater. 50 (2002) 3501. 
[170] L. C. Chen, F. Spaepen, Calorimetric evidence for the microquasicrystalline structure 
of amorphous Al/Transition metal alloys, Nature 336 (1988) 366. 
[171] Y. Li, S. C. Ng., Z. P. Lu, Y. P. Feng, K. Lu, Separation of glass transition and 
crystallization in metallic glasses by temperature-modulated differential scanning 
calorimetry, Phil. Mag. Lett. 78 (1998) 213. 
 
 
